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Abstrat
We study the eets of O(αs) supersymmetri QCD (SQCD) orretions on the total prodution
rate and kinemati distributions of polarized and unpolarized top-pair prodution in pp and pp¯
ollisions. At the Fermilab Tevatron pp¯ ollider, top-quark pairs are mainly produed via quark-
antiquark annihilation, qq¯ → tt¯, while at the CERN LHC pp ollider gluon-gluon sattering, gg → tt¯,
dominates. We ompute the omplete set of O(αs) SQCD orretions to both prodution hannels
and study their dependene on the parameters of the Minimal Supersymmetri Standard Model.
In partiular, we disuss the prospets for observing strong, loop-indued SUSY eets in top-pair
prodution at the Tevatron Run II and the LHC.
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I. INTRODUCTION
Sine the disovery of the top quark at the Fermilab Tevatron pp¯ ollider in 1995 [1, 2℄,
the top-physis program has shifted to preisely studying its properties. The high top-
quark yields at the Tevatron Run II and the CERN LHC pp ollider open a new, rih
eld of top-quark phenomenology, whih may enable a preision physis program with top-
quark observables, in the spirit of the suessful LEP/SLC studies of preision Z boson
observables [3℄.
The Standard Model (SM) of eletroweak and strong interations has seen impressive
experimental onrmation. However, the Higgs boson, whih is predited by the SM as
a diret onsequene of mass generation via spontaneous eletroweak symmetry breaking
(ESB), has so far eluded diret observation. Moreover, the many shortomings of the SM
suggest that it may indeed be a low-energy limit of a more fundamental theory. One of the
most promising andidates for a theory beyond the SM is Supersymmetry (SUSY) (for a
review see, e.g., Refs. [4, 5, 6, 7, 8℄). Supersymmetry solves the netuning problem, allows
for gauge oupling uniation, provides a dark matter andidate, predits a light Higgs
boson and agrees with preision eletroweak measurements. However, no diret experimental
evidene of SUSY has been found yet.
The large mass of the top quark suggests that it plays a speial role in the mehanism of
ESB, and that new physis onneted to ESB may be found rst through preision studies
of top-quark observables. Deviations of experimental measurements from the SM predi-
tions, inluding eletroweak and QCD orretions, ould indiate new non-standard top
prodution or deay mehanisms. If supersymmetri partiles are deteted at the LHC,
the omparison of preisely measured top-quark observables with their preditions inluding
SUSY loop eets may yield additional information about the underlying model, that may
not be aessible otherwise. Measuring preisely the properties of the top quark therefore
is an important goal at the Tevatron Run II and the LHC. To fully exploit the potential
of these olliders for preision top-quark physis, it is ruial that preditions for top-quark
observables inlude higher-order orretions within the SM and beyond. In this paper we
study the impat of SUSY QCD (SQCD) one-loop orretions within the Minimal Super-
symmetri SM (MSSM) on strong top-pair prodution at both the Tevatron Run II and the
LHC.
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Presently, the total top-pair prodution ross setion has been measured at the Tevatron
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with a relative unertainty of ∆σtt¯/σtt¯ = 12% (with L = 760 pb−1) [9℄ and is in good
agreement with the theoretial QCD predition [10, 11℄. It is antiipated that at the Tevatron
Run II the top-pair prodution ross setion will be measured with a relative unertainty of
∆σtt¯/σtt¯ ≈ 10% (with L = 2 fb−1). At the LHC, the goal is to measure σtt¯ ultimately with
a relative unertainty of < 5%. The urrent experimental unertainty still leaves room for
SUSY loop eets. Through the virtual presene of supersymmetri partiles in quantum
orretions, the measurement of the ross setion, kinemati distributions and the extration
of masses and ouplings may be aeted. Among the top-quark observables under study,
parity-violating asymmetries in the prodution of left and right-handed top quarks are of
speial interest. They have the potential to provide a lean signal of non-SM physis: QCD
preserves parity and the SM indued asymmetries are too small to be observable, at least
at the Tevatron pp ollider [12, 13℄. The produed top quarks deay almost entirely into
a bottom quark and a W boson before they an hadronize [14℄ or ip their spins. The
spin orrelation of the top-pair system will therefore be preserved and an be measured
by studying angular distributions of the deay produts [15℄. In order to determine the
sensitivity of top-quark observables to SUSY loop eets, it is neessary to alulate the
radiative orretions to the top prodution and deay proesses, both within the SM and its
supersymmetri extension, and to implement these alulations in a Monte Carlo program.
The latter will allow an eient determination of those observables that are most sensitive
to supersymmetri partiles, after taking into aount the detetor response.
In this paper, we present the alulation of the omplete SQCD O(αs) orretions to
the main prodution hannels of strong top-pair prodution at the Tevatron and LHC,
qq¯ → tt¯ (qq¯ annihilation) and gg → tt¯ (gluon fusion), and present a detailed study of their
numerial impat on top-quark observables in both unpolarized and polarized tt¯ prodution
(the initial-state quarks and gluons are unpolarized). We onsider the MSSM with CP-
onserving ouplings. The inlusion of the top-quark deays and implementation in a Monte
Carlo program for o-shell tt¯ prodution is work in progress [16℄, but beyond the sope of
this paper.
1
See www-df.fnal.gov and www-d0.fnal.gov for most reent results from the CDF and DØ ollaborations,
respetively.
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The SM preditions to both polarized and unpolarized tt¯ prodution at hadron olliders
are under good theoretial ontrol: The Born-level amplitudes to qq¯ annihilation and gluon
fusion were rst onsidered in Refs. [17, 18, 19, 20, 21, 22℄. At next-to-leading order (NLO),
the SM QCD orretions for the total ross setion and spin-independent kinemati distri-
butions have been presented in Refs. [23, 24, 25, 26, 27, 28℄, eletroweak orretions have
been studied in Refs. [29, 30, 31, 32, 33, 34, 35℄ and soft gluon resummation and threshold
eets in Refs. [10, 36, 37, 38, 39℄. To measure spin orrelations and asymmetries at the
Tevatron and LHC, higher-order orretions to polarized tt¯ prodution need to be known
as well: The NLO QCD and eletroweak orretions for the polarized prodution have been
alulated in Refs. [40, 41, 42, 43℄ and Refs. [12, 13, 30, 32, 44℄, respetively.
A number of studies of higher-order orretions within the MSSM are also available:
The SUSY eletroweak one-loop orretions to unpolarized on-shell tt¯ prodution at hadron
olliders have been alulated in Refs. [45, 46, 47℄ (qq¯ annihilation) and Ref. [47℄ (gluon
fusion), and the same set of orretions for polarized top-pair prodution has been onsidered
in Ref. [12℄. A study of leading logarithmi SUSY eletroweak orretions an be found
in Ref [48℄ and of Yukawa orretions in a two-Higgs-doublet model is given in Ref. [49℄.
The NLO SQCD orretions to the gg → tt¯ subproess without polarization have been
presented in Refs. [50, 51℄ and in Ref. [51℄ for the sattering of polarized protons. The
unpolarized qq¯ annihilation subproess has been investigated at NLO SQCD by a number of
groups: In Ref. [46℄ the orretions with the assumption of negligible box ontributions have
been alulated, whereas in Refs. [52, 53℄ the gluon self-energy and rossed box diagram
ontributions have been negleted. The full NLO SQCD orretions to qq¯ → tt¯ have been
examined in Refs. [54, 55, 56℄. However, the results of these dierent alulations do not
agree. The origin of this disagreement has been found (see footnote in Ref. [56℄), and is due
to a dierene in the signs of the diret and rossed box diagrams (see Fig. 4), leading to
large numerial dierenes that are espeially pronouned in ase of omparable small top
squark and gluino masses. However, a reliable, omplete and detailed study of the impat
of NLO SQCD orretions on tt¯ prodution based on the orret result is not available in
the literature.
This paper represents the rst detailed study of the numerial impat of NLO SQCD
orretions on both polarized and unpolarized strong tt¯ prodution at hadron olliders, that
onsiders both main prodution hannels, qq¯ annihilation and gluon fusion. We present nu-
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merial results for the total prodution ross setion, the invariant tt¯ mass and top transverse
momentum distributions, and polarization asymmetries, at both the Tevatron Run II and
the LHC, respeting urrent experimental bounds on the masses of the supersymmetri par-
tiles. We provide analyti expressions for the omplete NLO SQCD orretions to polarized
tt¯ prodution and ompare our results with the literature where available. Our results have
been thoroughly ross-heked by performing at least two independent alulations, based
on analyti methods and the FeynArts [57, 58℄ and FormCal [59, 60℄ pakages.
The paper is strutured as follows: In Setion II we present the analyti results for
the partoni qq¯, gg → tt¯ sattering proesses, speify our renormalization proedure and
our onvention of the squark mixing parameters and hoie of MSSM input parameters.
Setion III ontains a detailed study of the numerial impat of the NLO SQCD orretions
on polarized and unpolarized top-pair prodution at the Tevatron RUN II and LHC. We
rst disuss their impat in detail at parton level and then present their most pronouned
eets to the observable, hadroni ross setions, followed by a disussion of their prospets
to be observable at these olliders. We also inlude a omparison with available results in
the literature. Finally, a summary of our results and onlusion an be found in Setion IV.
Details of the alulation and expliit analyti expressions are provided in the appendies.
We also made available a Fortran ode
2
that alulates the ross setions presented in this
paper to polarized and unpolarized top-pair prodution at hadron olliders at leading-order
(LO) QCD and NLO SQCD.
II. STRONG TOP-PAIR PRODUCTION AT NLO SQCD
At the Tevatron the main prodution mehanism for the strong prodution of top-quark
pairs is the annihilation of a quark-antiquark pair
q(p4) + q(p3)→ t(p2, λt) + t(p1, λt¯) ,
whereas at the LHC the top-quark pairs are mainly produed via the fusion of two gluons
g(p4) + g(p3)→ t(p2, λt) + t(p1, λt¯) ,
2
The Fortran ode is provided at http://ubpheno.physis.bualo.edu/∼dow/ppttsqd.
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where pi, i = 1, · · · , 4 are the four-momenta of the in- and outoming partiles and λt(λt) =
±1/2 denotes the top(antitop) heliity state. The orresponding Feynman diagrams at LO
QCD are shown in Figs. 1, 2. The partoni dierential ross setions to the qq annihilation
and gluon fusion proesses for polarized top-quark pairs at NLO SQCD an be written as
dσˆNLOqq¯,gg (tˆ, sˆ, λt, λt¯) = dσˆ
LO
qq¯,gg(tˆ, sˆ, λt, λt¯) + δdσˆqq¯,gg(tˆ, sˆ, λt, λt¯)
=
dΦ2→2
8π2sˆ
[∑
|Mqq¯,ggB |2 + 2Re
∑
(δMSQCDqq¯,gg ×Mqq¯,gg∗B )
]
, (1)
where sˆ = (p1 + p2)
2 = (p3 + p4)
2, tˆ = (p3 − p1)2 = (p4 − p2)2 = m2t − sˆ(1 − βt cos θˆ)/2
are Mandelstam variables with θˆ denoting the sattering angle in the parton enter-of-mass
system (CMS) and βt =
√
1− 4m2t/sˆ is the top-quark veloity. The matrix elements squared
are averaged over initial-state spin and olor degrees of freedom and summed over nal-state
olor degrees of freedom. The phase spae of the 2→ 2 sattering proess, dΦ2→2, as usual
reads∫
dΦ2→2 =
∫
d3p1
2p01
d3p2
2p02
δ(4)(p3 + p4 − p1 − p2) = βt
8
∫ 2π
0
dφ∗
∫ 1
−1
d cos θˆ , (2)
where the phase spae has been evaluated in the parton CMS with φ∗ denoting the azimuthal
angle. The matrix elements, Mqq¯,ggB and δMSQCDqq¯,gg , desribe respetively the LO QCD and
one-loop SQCD ontributions to qq annihilation and gluon fusion. The expliit expressions
forMqq¯,ggB and the spin and olor averaged transition amplitude squared,
∑|Mqq¯,ggB |2, an be
found in Ref. [29℄ (Se. 2.1 and 2.2) for unpolarized and in [12℄ (Appendix A) for polarized
top-pair prodution.
The observable hadroni dierential ross setions are obtained by onvoluting the par-
toni ross setions of Eq. (1) with parton distribution funtions (PDFs)
dσLO,NLO(S, λt, λt¯) =
∑
ij=qq¯,gg
1
1 + δij
∫ 1
0
dx1dx2
×
[
fi(x1, µF )fj(x2, µF )dσˆ
LO,NLO
ij (αs(µR), sˆ, tˆ, λt, λt¯) + i↔ j
]
(3)
with S = sˆ/(x1x2). In the numerial evaluation, we use the CTEQ6L1 (LO) set of parton
distribution funtions [61℄ with the QCD fatorization (µF ) and renormalization sale (µR)
hosen to be µF = µR = mt. Aordingly, the ross setion is evaluated using the one-loop
evolution of the strong oupling onstant with nf = 5 light avors, Λ
5
QCD = 0.165 GeV and
αLOs (MZ) = 0.130, whih yields α
LO
s (mt) = 0.1176.
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In the remaining parts of this setion we will present the expliit expressions for the par-
toni NLO SQCD dierential ross setions, dσˆNLOqq¯ and dσˆ
NLO
gg , to polarized top-quark pair
prodution. The orresponding ross setions for unpolarized tt¯ prodution an be obtained
by summing over the top and antitop-quark heliity states,
∑
λt,λt¯=±1/2 dσˆ
LO,NLO
qq¯,gg (λt, λt¯).
g
q¯
p3
p4
p1
p2
t¯
tq
Figure 1: Feynman diagram to the qq → tt subproess at LO QCD.
g
g
g
t
t¯
t
t¯g
g t
t
g
g
t
t¯
(a) (b) ()
Figure 2: Feynman diagrams to the s (diagram (a)), t (diagram (b)) and u (diagram()) hannels
of the gg → tt subproess at LO QCD.
A. NLO SQCD orretions to qq annihilation and gluon fusion
The SQCD O(αs) orretions modify the tree-level gtt¯, ggg and gqq¯ verties and the
gluon propagator through the virtual presene of gluinos (g˜), squarks (q˜L,R), stops (t˜L,R)
and sbottoms (b˜L,R), i.e. the superpartners of the gluon, the left and right-handed light
quarks, top and bottom quarks, respetively, as shown in Figs. 3-6. For ompleteness, we
also provide the orresponding Feynman rules in Appendix A.
We losely follow Refs. [12, 29℄ and write the NLO SQCD matrix elements, δMSQCDqq¯,gg ,
of Eq. (1) in terms of form fators that desribe the SQCD one-loop orretions. In ase
of gluon fusion, these form fators multiply so-alled standard matrix elements (SMEs)
that ontain the information about the Dira matrix struture. After the interferene with
the Born matrix elements, the SMEs are written in terms of salar produts involving the
external four-momenta and the top/antitop spin four-vetors, sµt,t¯. The latter are dened
after hoosing the axes along whih the t and t¯ spins are deomposed, as desribed in
7
tgg
q
q¯ t¯
tq
g
q¯ t¯
tq
g
q¯ t¯
(a) (b) ()
Figure 3: Generi self-energy (diagram (a)) and vertex (diagrams (b) and ()) orretions to qq → tt
at NLO SQCD. The orretions to the gluon propagator and the gqq¯ vertex are expliitly shown in
Figs. 7 and 27, respetively.
t˜j
g˜ t¯q¯
g˜
q˜i
tq
g˜q¯
g˜
q˜i
t¯
t˜j
q t
(a) (b)
Figure 4: (a) Diret box diagram and (b) rossed box diagram ontributing to qq → tt at NLO
SQCD. Graphs ontaining squarks/stops are summed over the squark/stop mass eigenstates i,j=L,R
(no mixing), i,j=1,2 (with mixing).
Appendix A of Ref. [12℄. As studied in Ref. [43℄, for instane, the freedom in the hoie of
the spin axes an be used to inrease spin orrelations at hadron olliders. Here we hoose
the heliity basis where the spin is quantized along the partile's diretion of motion. Using
the heliity basis, the NLO SQCD ontribution to the polarized partoni ross setions of
Eq. (1) read as follows (with z = cos θˆ):
qq annihilation:
2Re
∑
(δMSQCDqq¯ ×Mqq¯∗B ) =∑
| Mqq¯B |2
αs
2π
Re
(
FV (sˆ, mq = 0) + FV (sˆ, mt)− Πˆ(sˆ)
)
+
4πα3s
9
Re (β2t (1− z2)(1 + 4λtλt¯)FM(sˆ, mt)− 2(λt − λt¯) [2zGA(sˆ, mq = 0)+
βt(1 + z
2)GA(sˆ, mt)
])
+
32πα3s
9sˆ
Re
(
(−1)7
3
Bt − 2
3
Bu
)
(sˆ, tˆ, λt, λt¯) , (4)
where the gtt¯ and gqq¯ vertex and the gluon self-energy orretions shown in Fig. 3 are
parametrized respetively in terms of UV nite (after renormalization) form fators FV ,
FM , GA, and the subtrated gluon vauum polarization Πˆ(sˆ) ≡ Π(sˆ)− Π(0). FV , FM , and
GA denote the vetor, magneti and axial vetor parts of the vertex orretion. The diret
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tt
t¯
g
g
t
t
t¯
g
g
t
t¯
g
g
t
t
rossed
+
diagrams
(a) (b) ()
t
t¯
g
g
g
t
t¯
g
g
g
tg
g
gg
t¯
Figure 5: Generi vertex and self-energy orretions to the t(u) hannel (diagrams (a)-()) and the
s hannel (lower row) of the gg → tt subproess at NLO SQCD. The orretions to the gtt¯ vertex,
the quark and gluon propagators, and the ggg vertex are expliitly shown in Figs. 27, 8, 7, and 29,
respetively.
and rossed box ontributions to qq annihilation shown in Fig. 4 are desribed by Bt and
Bu, respetively. Expliit expressions for these form fators and the box ontributions are
provided in Appendix B and Πˆ(sˆ) is given in Eq. (12).
gluon fusion:
2Re
∑
(δMSQCDgg ×Mgg∗B ) =
4πα3s
64
2Re
{ ∑
j=1,2,3
(
cs(j)
1
sˆ
[
MV,tλtλt¯(2, j)
(
FV (sˆ, mt)− Πˆ(sˆ) + ρV,s2 (sˆ)
)
+ MV,tλtλt¯(12, j)
(tˆ− uˆ)
2m2t
FM(sˆ, mt) +M
A,t
λtλt¯
(2, j)GA(sˆ, mt)
]
+ ct(j)
∑
i=1,...,7
11,...,17
[
MV,tλtλt¯(i, j)
(
ρV,ti (tˆ, sˆ)
tˆ−m2t
+
ρΣ,ti (tˆ, sˆ)
(tˆ−m2t )2
)
+MA,tλtλt¯(i, j)
(
σV,ti (tˆ, sˆ)
tˆ−m2t
+
σΣ,ti (tˆ, sˆ)
(tˆ−m2t )2
)]
+ cu(j)
∑
i
[
MV,uλtλt¯(i, j)
(
ρV,ui (uˆ, sˆ)
uˆ−m2t
+
ρΣ,ui (uˆ, sˆ)
(uˆ−m2t )2
)
+MA,uλtλt¯(i, j)
(
σV,ui (uˆ, sˆ)
uˆ−m2t
+
σΣ,ui (uˆ, sˆ)
(uˆ−m2t )2
)]
+
1
2
∑
d=a,b,c
ctd(j)
∑
i
[
MV,tλtλt¯(i, j) ρ
,t
i,d (tˆ, sˆ) +M
A,t
λtλt¯
(i, j) σ,ti,d (tˆ, sˆ)
]
+
1
2
∑
d=a,b
cud(j)
∑
i
[
MV,uλtλt¯(i, j) ρ
,u
i,d (uˆ, sˆ) +M
A,u
λtλt¯
(i, j) σ,ui,d (uˆ, sˆ)
])
+
11
18
[
MV,tλtλt¯(12, 2) +M
V,t
λtλt¯
(12, 3)
]
ρ,ggt˜t˜12 (sˆ)
}
, (5)
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tt¯
g
g
t˜jg˜
g˜
g˜
t
t¯
g
g
g˜t˜j
t˜j
t˜j
+ rossed diagrams
(a) (b)
t
t¯
g
g
g˜
t˜j
t˜j
g˜
t
t¯
g
g
t˜j
g˜
g˜
t˜j
g
g
g˜
t˜j
t˜j
t
t¯
() () (d)
Figure 6: Box orretions to gg → tt at NLO SQCD. The box diagrams d = a, b ontribute to both the
t and u(rossed) hannels, whereas the box diagrams d = c and the box-triangle orretion (diagram
(d)) involving a quarti ggt˜t˜ interation only ontribute to the t hannel. Graphs ontaining stops
are summed over the stop mass eigenstates j=L,R (no mixing), j=1,2 (with mixing)
where i numerates the 14 SMEs, M
(V,A),(t,u)
i of Eqs. (B1), (B2) in Ref. [29℄, and j = 1, 2, 3 the
s, t, u hannel of the Born matrix element to the gluon-fusion subproess. For onveniene,
the olor fators cs,t,u(j) of Ref. [29℄ and ct,ud (j) are both provided in Appendix C3. The
oeients to the SMEs desribe the parity onserving (ρ
(V,Σ),(t,u)
i , ρ
,(t,u)
i,d , ρ
,ggt˜t˜
12 ) and parity
violating (σ
(V,Σ),(t,u)
i , σ
,(t,u)
i,d ) parts of the SQCD one-loop orretions to the t and u hannels
of the gluon-fusion subproess, whih onsist of
• vertex orretions that modify the gtt¯ vertex (ρV,(t,u)i , σV,(t,u)i ), shown in Fig. 5 (dia-
grams (a) and (b)),
• top-quark self-energy orretions that modify the top-quark propagator
(ρ
Σ,(t,u)
i , σ
Σ,(t,u)
i ), shown in Fig. 5 (diagram ()),
• box ontributions (ρ,(t,u)i,d , σ,(t,u)i,d ), shown in Fig. 6 (diagrams (a), (b) and ()), and
• the box-triangle orretion (ρ,ggt˜t˜12 ), shown in Fig. 6 (diagram (d)).
The SQCD one-loop orretions to the s hannel of the gg → tt¯ subproess, shown in
Fig. 5 (lower row), are parametrized in terms of the gtt¯ vertex form fators (FV , FM , GA),
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the oeient desribing the ggg vertex orretions (ρV,s2 ), and the subtrated gluon self-
energy (Πˆ(sˆ)). All oeients to the SMEs are UV nite after applying the renormalization
proedure. Their expliit expressions are provided in Appendix C. The expressions for the
SMEs after the interferene with the Born matrix element, M
(V,A),(t,u)
λtλt¯
(i, j), an be found in
Appendix C of Ref. [12℄.
Before we turn to the disussion of the numerial impat of these higher-order SQCD
orretions on tt¯ ross setions, we desribe in detail in the following setions our hoie of
the renormalization sheme and the MSSM input parameters.
B. Renormalization sheme
The omplete set of SQCD one-loop orretions to qq annihilation and gluon fusion is
gauge invariant and IR nite. However, the self-energy and vertex orretions shown in
Figs. 8,29 exhibit UV divergenes that arise in form of ∆ = 2/ǫ− γE + log(4π) terms when
using dimensional regularization in d = 4 − ǫ dimensions. These singularities are removed
by introduing a suitable set of ounterterms that are xed by a set of renormalization on-
ditions. We employ multipliative renormalization and perform the following replaements
of the left and right-handed quark elds, ΨL,R =
1
2
(1 ∓ γ5) Ψ, the top-quark mass, mt, the
gluon eld, Gaµ, and the strong oupling onstant, gs, in the QCD Lagrangian:
ΨL,R →
√
ZL,RΨL,R , mt → mt − δmt , Gaµ →
√
Z3G
a
µ , gs → Zggs ,
With Zi = 1 + δZi, this yields the ounterterms to the quark and gluon self-energies, qq¯g
and ggg verties as follows (with δqt = 0 for q 6= t and i, j; a, b, c denoting respetively olor
degrees of freedom of quarks and gluons):
p
q¯iqj
: iδij [6p(δZV − δZAγ5)− δqt(mqδZV − δmq)] (6)
a, µ qj
q¯i
: −igsT aijγµ(δZV + δZg +
1
2
δZ3 − δZAγ5) (7)
b, ν
k
a, µ
: iδab(kµkν − k2gµν) δZ3 (8)
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c, µ3
k1
a, µ1
b, µ2 k3
k2
: −gs fabc [(k1 − k2)µ3gµ1µ2
+(k2 − k3)µ1gµ2µ3 + (k3 − k1)µ2gµ3µ1 ] δZ1 (9)
with δZ1 = δZg+3δZ3/2 and δZV,A = (δZL±δZR)/2. For the renormalization of the strong
oupling onstant and the gluon eld, we use the MS sheme, modied to deouple the
heavy SUSY partiles [62, 63℄, i.e. divergenes assoiated with the squark and gluino loops
are subtrated at zero momentum:
• δZ3 = −∂ΣT (k
2)
∂k2
|ǫ,modified ≡ −Π(0) , (10)
where ΣT |ǫ,modified denotes the terms proportional to ∆m = ∆ − ln(m2/µ2R) (with
m = mq˜, mg˜) of the transverse part of the gluon self-energy, yielding
Π(0) =
αs
4π


1
6
∑
q=u,c,t
d,s,b
∑
j
∆mq˜j + 2∆mg˜

 . (11)
Only the transverse part of the gluon self-energy ontributes to the NLO SQCD ross
setion for tt¯ prodution and the SQCD one-loop ontribution to the renormalized
gluon self-energy shown in Fig. 7 enters the partoni dierential ross setions of
Eqs. (4), (5) as follows:
αs
4π
Πˆ(k2) =
ΣT (k
2)
k2
+ δZ3
=
αs
4π


∑
q=u,c,t
d,s,b
∑
j
1
6
[
(k2 − 4m2q˜)
k2
B0(k
2, mq˜, mq˜) +
4m2q˜
k2
B0(0, mq˜j , mq˜j) +
2
3
]
− 2
3
+ 2
(2m2g˜ + k
2)
k2
B0(k
2, mg˜, mg˜)−
4m2g˜
k2
B0(0, mg˜, mg˜)
}
− Π(0) . (12)
where j = L,R(1, 2) (no(with) mixing) sums over the two squark mass eigenstates
and B0 denotes the salar two-point funtion (see, e.g., Ref. [64℄).
• δZ1 = −Γ|ǫ,modified ≡ −Π(0) , (13)
where Γ|ǫ,modified denotes the term proportional to ∆m (with m = mq˜, mg˜) of the one-
loop ggg vertex orretion shown in Fig. 29 that multiplies the tree level ggg vertex.
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Using Eqs. (10),(13), one an verify that δZ1 = δZ3 and, thus, δZg = −δZ3/2. It is
interesting to note that in this modied version of the MS sheme the ounter term for
the qq¯g vertex oinides with the one of Ref. [29℄. Moreover, there is no ontribution from
self-energy insertions into external gluon legs.
To x the renormalization onstants for the external quarks, δZV,A(mq), and the top-quark
mass renormalization onstant, δmt, we losely follow Ref. [29℄ and use on-shell renormal-
ization onditions. The renormalization onstants δZV,A(mq), δmt are determined by the
vetor, axialvetor and salar parts of the quark self-energy, evaluated at the on-shell quark
mass, ΣV,A,S(p
2 = m2t ) for the top quark and ΣV,A(p
2 = m2q = 0) for the inoming quarks in
qq annihilation. The SQCD one-loop orretions modify these quark self-energy ontribu-
tions as shown in Fig. 8 as follows:
ΣV (p
2) = −αs
4π
∑
j
λ+j
2
3
B1(p
2, mg˜, mq˜j)
ΣS(p
2) =
αs
4π
∑
j
λ−j
2
3
mg˜
mq
B0(p
2, mg˜, mq˜j)
ΣA(p
2) =
αs
4π
∑
j
λAj
2
3
B1(p
2, mg˜, mq˜j) , (14)
yielding the following on-shell renormalization onstants:
δZV (mq) = −ΣV (p2 = m2q)− 2m2q
∂
∂p2
(ΣV + ΣS)|p2=m2q
=
αs
4π
∑
j
2
3
[
λ+j (B1 + 2m
2
qB
′
1)− 2mqmg˜λ−j B′0
]
(m2q , mg˜, mq˜j ) (15)
δZA(mq) = −ΣA(p2 = m2q)
= −αs
4π
∑
j
λAj
2
3
B1(m
2
q, mg˜, mq˜j)
δmt
mt
= −ΣV (p2 = m2q)− ΣS(p2 = m2q) (16)
= −αs
4π
∑
j
2
3
[
−λ+j B1 + λ−j
mg˜
mt
B0
]
(m2t , mg˜, mt˜j ) , (17)
where j = L,R(1, 2) (no(with) mixing) sums over the two squark mass eigenstates, and
the oupling onstant fators, λ±j , λ
A
j , are given in Appendix A. The salar and vetor
two-point funtions, B0,1, and their derivatives, B
′
0,1(p
2 = m2) ≡ ∂B0,1/∂p2|p2=m2 , an be
found in Ref. [64℄, for instane. In the on-shell renormalization sheme, the derivative of the
renormalized quark self-energy of Fig. 8 is zero when evaluated at p2 = m2q , and thus there
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is no ontribution from the self-energy insertions in the external quark lines. Finally, it is
interesting to note that for our hoie of renormalization sheme, the renormalized SQCD
one-loop orretions only depend on µR through the strong oupling onstant, αs(µR).
ga gb
=
ga gb
g˜
g˜
+
ga gb
q˜j
q˜j
+
ga gb
q˜j
+
ga gb
Figure 7: Renormalized gluon self-energy, −iΣˆµν = iδab(kµkνΣˆL− gµνΣˆT ), at NLO SQCD. Graphs
ontaining squarks are summed over the squark mass eigenstates j=L,R (no mixing), j=1,2 (with
mixing) and the quark avors q={u,d,s,,b,t}.
q q
=
q˜j
g˜
q q
+
q q
Figure 8: Renormalized quark self-energy, iΣˆ = i(6p[ΣˆV − ΣˆAγ5] +mqΣˆS), at NLO SQCD. Graphs
ontaining squarks are summed over the squark mass eigenstates j=L,R (no mixing), j=1,2 (with
mixing).
C. Salar quark setor of the MSSM
The superpartners of the left and right-handed top quarks are the left and right-handed
salar top squarks ('stops'), t˜L and t˜R. Assuming all supersymmetri breaking parameters
are real, the part of the MSSM Lagrangian that ontains the stop mass terms reads
L = − ( t˜ ∗L , t˜ ∗R )M

 t˜L
t˜R

 with M =

 m2t˜L mtXt
mtXt m
2
t˜R

 , (18)
where the diagonal entries m2
t˜L
and m2
t˜R
of the stop mass matrixM as well as Xt are dened
as
m2t˜L = M
2
t˜L
+m2t +M
2
Z cos 2β (I
t
3 −Qts2w) , Xt = (At − µ/ tanβ) ,
m2t˜R = M
2
t˜R
+m2t +M
2
Z cos 2β Qts
2
w (19)
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with I t3 = 1/2, Qt = 2/3 and s
2
w = 1−M2W/M2Z . Furthermore, tan β = v2/v1 (also vu/vd in
the literature) denotes the ratio of the two Higgs vauum expetation values, At˜ the trilinear
Higgs-stop-stop oupling and µ is the Higgs-mixing parameter. Mt˜L and Mt˜R are the soft
supersymmetry-breaking squark-mass parameters. As an be seen from Eq. (18), t˜L and
t˜R are not neessarily mass eigenstates, sine M is of non-diagonal form. Thus, t˜L, t˜R an
mix, so that the physial mass eigenstates t˜1, t˜2 are model-dependent linear ombinations
of these states. The latter are obtained by diagonalizing the mass matrix performing the
transformation
 t˜1
t˜2

 =

 cos θt˜ sin θt˜
− sin θt˜ cos θt˜



 t˜L
t˜R

 . (20)
The mass term of the supersymmetri Lagrangian will then transform to the diagonal form
L = − ( t˜ ∗1 , t˜ ∗2 )

 m2t˜1 0
0 m2
t˜2



 t˜1
t˜2

 . (21)
Inserting Eq. (20) and its adjoint form into Eq. (21) and omparing with Eq. (18) the mass
matrixM an be written as
M =

 cos2 θt˜m2t˜1 + sin2 θt˜m2t˜2 sin θt˜ cos θt˜ (m2t˜1 −m2t˜2)
sin θt˜ cos θt˜ (m
2
t˜1
−m2
t˜2
) sin2 θt˜m
2
t˜1
+ cos2 θt˜m
2
t˜2

 . (22)
Comparing the two dierent desriptions of the mass matrixM we nd
m2t˜L = cos
2 θt˜m
2
t˜1
+ sin2 θt˜m
2
t˜2
,
m2t˜R = sin
2 θt˜m
2
t˜1
+ cos2 θt˜m
2
t˜2
,
mtXt = sin θt˜ cos θt˜ (m
2
t˜1
−m2t˜2) . (23)
As input parameters we hoose the physial measurable quantities mt˜1 , mt˜2 and the stop
mixing angle θt˜. Studying the properties of Eq. (23) we nd that the three equations,
and therefore the ross setions of Eq. (1), are invariant under the following two sets of
transformations:
θt˜ → θt˜ + n · π (n ∈ I) (24)
m2t˜1 ↔ m2t˜2 and θt˜ → θt˜ + π/2 . (25)
Therefore, for a omplete exploration of the size of the SQCD one-loop orretions, it is
equivalent to either vary the masses m2
t˜1
and m2
t˜2
ompletely independently and vary the
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mixing angle between ±π/4, or to hoose one of the squark masses to be always the lighter
one and vary θt˜ between ±π/2. We hoose the latter option and take m2t˜2 always to be the
lighter top squark and vary the stop mixing angle in the range −π/2 ≤ θt˜ ≤ π/2.
Takingmt˜1 , mt˜2 and θt˜ as input parameters and using Eq. (23), we an alulatem
2
t˜L
, m2
t˜R
and Xt. The soft supersymmetry-breaking parametersMt˜L andMt˜R an be determined from
Eq. (19) in dependene of tan β. Sine the SQCD NLO ross setions do not diretly depend
on tanβ and the dependene of m2
t˜L
and m2
t˜R
on tan β in the range 1 ≤ tanβ ≤ 50 is rather
weak, we hoose in this paper an arbitrary value for tan β, i.e. tan β = 10.
The equations (18)-(23) an be formulated in a similar way for the other squark avors,
one just has to replae the index t by the appropriate squark index, as well as Xt → Xd =
(Ad−µ tanβ) for the down-type squarks. Sine the o-diagonal elements of the squark mass
matries, mqXq, are proportional to the quark masses mq, and Xq annot be arbitrarily large
(Xq < [65℄), mixing an be negleted for the rst two generations of squarks and may be only
important in the sbottom setor for large values of tan β. However, sine the inuene of
the sbottom setor on the hadroni tt¯ ross setions is very small, we also neglet mixing for
the bottom squarks and in addition assume mb˜L = mb˜R . Beause gauge invariane requires
Mt˜L = Mb˜L , it follows that with
m2
b˜L
= M2t˜L +m
2
b +M
2
Z cos 2β (I
b
3 −Qbs2w) , (26)
Ib3 = −1/2 and Qb = −1/3, the bottom squark masses are already xed by the input
parameters of the top squark setor. We further assume universal squark masses for the
rst two generations of squarks:
mu˜L = mu˜R = md˜L = md˜R = mc˜L = mc˜R = ms˜L = ms˜R := mq˜ . (27)
To summarize, in this paper we will study the dependene of the NLO SQCD preditions
on the following MSSM parameters: mg˜, mt˜1 , mt˜2 , θt˜ and mq˜.
III. NUMERICAL RESULTS
In this setion, we examine the numerial impat of the SQCD one-loop orretions on
the ross setions for unpolarized and polarized top-pair prodution at the Tevatron Run II
(
√
S = 1.96 TeV) and LHC (
√
S = 14 TeV). The details of the alulation are presented
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in Setion II, and the Feynman rules and expliit analyti expressions are provided in Ap-
pendix A and B, C, respetively.
We performed a number of heks of our alulation: The results for both the qq¯ annihi-
lation and gluon fusion matrix elements for polarized and unpolarized top-pair prodution
have been derived by at least two independent analyti alulations based on the Feynman
rules of Ref. [66℄. The numerial evaluation of the tensor integrals was performed with an im-
plementation desribed in Ref. [29℄ as well as by using the pakages LoopTools [60℄/FF [67℄.
Furthermore, one of the analyti alulations used the pakage TRACER [68℄. The results
of the analyti alulations have been ompared numerially with the results obtained with
the FeynArts [57, 58℄ and FormCal [59, 60℄ pakages using the MSSM model le of Ref. [69℄.
In all ases, we found perfet numerial agreement.
In the omputation of the tt¯ observables, we use the following values for the SM input
parameters [8℄:
mt = 175GeV, mb = 4.7GeV, MW = 80.425GeV, MZ = 91.1876GeV . (28)
As desribed in Setion II (Eq. (3)), we use CTEQ6L1 PDFs [61℄ and the strong oupling
onstant is evaluated at LO QCD with the fatorization and renormalization sales hosen
to be equal to the top-quark mass. Our hoie of MSSM input parameters is desribed in
Setion IIC. As an additional onstraint on the MSSM parameter spae, we alulate the
SUSY loop orretions to the ρ parameter, ∆ρ(mt˜, mb˜, θt˜) (for a review see, e.g., Ref. [70℄),
and only allow for MSSM input parameters that yield ∆ρ ≤ 0.0035 [71℄. If not stated
otherwise, we hoose the masses of the supersymmetri partners of the light quarks to be
mq˜ = 2 TeV. In varying the remaining MSSM input parameters we observe the following
experimentally motivated mass limits [72, 73, 74, 75℄: mg˜ ≥ 230 GeV and mt˜2 ≥ 100 GeV.
In the following setions, we study the numerial impat of the SQCD one-loop orretions
on the total tt¯ prodution rate, the invariant tt¯ mass and top transverse momentum distri-
butions, and on polarization asymmetries. We disuss the ase of unpolarized top quarks
in Setion IIIA and onsider polarized tt¯ prodution in Setion III B. Before we present
results for the observable hadroni ross setions at the Tevatron Run II and the LHC in
Setions IIIA 3, III B 3, we perform a detailed investigation of the impat of the SQCD one-
loop orretions on the parton-level ross setions in Setions IIIA 1, III B 1 (qq¯ annihilation)
and Setions IIIA 2, III B 2 (gluon fusion). Finally, in Setion III C, we ompare our results
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with existing alulations in the literature where available.
A. Unpolarized top-pair prodution at NLO SQCD
We rst onsider the produed top quarks to be unpolarized, i.e. the orresponding
partoni and hadroni ross setions are obtained from the ones of Eqs. (1),(3) by sum-
ming over the top and antitop-quark heliity states,
∑
λt,λt¯=±1/2 dσˆ
LO,NLO
qq¯,gg (tˆ, sˆ, λt, λt¯) and∑
λt,λt¯=±1/2 dσLO,NLO(S, λt, λt¯), respetively.
In order to reveal the numerial impat of the SQCD one-loop orretions on observ-
ables to unpolarized top-pair prodution and to study the dependenes on the MSSM input
parameters, the gluino mass (mg˜), the two top-squark masses (mt˜1,2), and the stop mixing
angle (θt˜), we introdue relative orretions as follows:
• At the parton level, we use
∆ˆqq¯,gg(sˆ) =
σˆNLOqq¯,gg − σˆLOqq¯,gg
σˆLOqq¯,gg
, (29)
where σˆLO,NLOqq¯,gg (sˆ) denote the total partoni prodution rates to unpolarized tt¯ produ-
tion via qq annihilation and gluon fusion at LO QCD and NLO SQCD, respetively.
• At the hadron level, we ompute the total hadroni ross setion, the invariant tt¯ mass
(Mtt¯) and top transverse momentum (pT ) distributions at the Tevatron Run II and
the LHC, and use
∆ =
σNLO − σLO
σLO
,
∆(Mtt¯) =
dσNLO/dMtt¯ − dσLO/dMtt¯
dσLO/dMtt¯
,
∆(pT ) =
dσNLO/dpT − dσLO/dpT
dσLO/dpT
, (30)
where dσLO,NLO desribe the hadroni ross setions to unpolarized tt¯ prodution at
LO QCD and NLO SQCD, respetively. All hadron level results are obtained by
inluding both proesses qq¯ → tt¯ and gg → tt¯.
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1. Eets of NLO SQCD orretions in qq annihilation for unpolarized top quarks
At the Tevatron, top-quark pairs are mainly produed via qq annihilation and, thus,
some of the harateristis of the orretions disussed here at the parton level will manifest
themselves again in the hadron-level results for the Tevatron. In the following we study the
impat of the NLO SQCD orretions on the uu¯→ tt¯ subproess, representatively for all qq¯
initiated proesses.
Fig. 9(a) illustrates the impat of the (renormalized) gluon self-energy, shown in Fig. 7
(see also Eq. (12)), in dependene of the partoni CMS energy,
√
sˆ. The upper plot shows
the relative orretion ∆ˆqq¯ of Eq. (29) due to the squark loops, summed over all quark
avors and with squarks degenerate in mass, and the lower plot the orretion due to the
gluino loop. The gluino loop orretion exhibits a harateristi dip at the prodution
threshold of a pair of gluinos,
√
sˆ = 2mg˜, reduing the LO ross setion by about −10%.
The orretions then inrease with
√
sˆ due to a ln(sˆ/m2g˜) dependene. A similar behavior is
observed in the squark loop orretion, whih an redue σˆLOqq¯ by up to about −4%, again
due to a threshold at
√
sˆ = 2mq˜, and then inreases with
√
sˆ. Both the gluino and the
squark loop orretions do not depend on the squark mixing angles.
Fig. 9(b) shows the inuene of the vertex orretions of Fig. 3(b),(), where in the upper
plot it is assumed that mt˜1 = mt˜2 . The orretions are then independent of the top-squark
mixing angle, beause the term that is proportional to θt˜ anels in Eq. (23). The orretions
show again a harateristi threshold behavior at
√
sˆ = 2mg˜. This threshold is introdued
by the vertex orretion ontaining the g˜g˜t˜1,2 loop, shown in Fig. 27. This loop orretion
is the dominant ontribution to the vertex orretions beause of a large overall olor fator
of C2A = 9, arising due to the gg˜g˜ oupling. If the top squarks are non-degenerate in mass,
as it is the ase in the lower plot of Fig. 9(b), the vertex orretion depends very strongly
on the stop mixing angle. Shown are orretions for mt˜1 = 600 GeV and mt˜2 = 100 GeV
for dierent values of the stop mixing angle. The largest orretion ours always at the
gluino-pair threshold,
√
sˆ = 2mg˜, for θt˜ = π/4 and the smallest orretions are obtained
for θt˜ = −π/4. For other mixing angles the orretions lie between these two urves. The
orretions are furthermore the larger the more pronouned the mass splitting between mt˜1
and mt˜2 . The amount of allowed mass splitting, however, is restrited by the ∆ρ parameter.
The size of the box orretions is illustrated in Fig. 10(a) formt˜1 = 600GeV andmt˜2 = 100
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Figure 9: The relative orretion ∆ˆqq¯(sˆ) for qq annihilation due to (a) gluon self-energy and (b)
vertex orretions (upper plot: mt˜ ≡ mt˜1 = mt˜2).
GeV and dierent values of the stop mixing angle. The upper plot shows the diret box
ontribution of Fig. 4(a) and the lower plot the rossed box ontribution of Fig. 4(b). The
threshold peak at
√
sˆ = 2mg˜ originates from the two gluinos ourring in the Feynman
diagrams of Fig. 4. The orretions strongly depend on the stop mixing angle and in the
threshold region are largest for θt˜ = π/4, and an be suppressed very eetively for θt˜ =
−π/4. The diret and rossed box orretions have the same relative sign ompared to
the LO ross setion, as disussed in Appendix B and are always negative in the threshold
region. The diret box orretion is usually three to four times larger than the rossed box
ontribution. Both box orretions depend on the masses of the spartners of the initial-
state quarks. The orretions are small in this senario, beause of our hoie of the squark
masses, mq˜ = 2 TeV (for mq˜ & 1 TeV the orretions hardly hange anymore). The diret
box orretion inreases for smaller squark masses, e.g., for mq˜ = 200 GeV at the gluino-pair
threshold of
√
sˆ = 460 GeV to ∆ˆqq¯ = −22% (for mg˜ = 230 GeV, mt˜1,2 = 600, 100 GeV, θt˜ =
+π/4). However, the positive vertex orretion also grows by the same amount and anels
the eet of the box orretions. We found that for every onguration with large box
20
orretions (and negative as always), the vertex orretions are positive and also large,
so that both largely anel, resulting into a small positive ontribution to ∆ˆqq¯. As already
observed in the ase of the vertex orretions, for top squarks degenerate in mass, mt˜1 = mt˜2 ,
the diret and rossed box orretions are independent of the top-squark mixing angle, and
are largest for the smallest possible hoie of their masses.
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Figure 10: The relative orretion ∆ˆqq¯(sˆ) for qq annihilation due to (a) box orretions and (b)
when inluding the omplete SQCD one-loop orretions for mg˜ = 230 GeV.
One an now dedue from the detailed disussion above, for whih MSSM senarios the
omplete SQCD one-loop orretions, onsisting of the sum of self-energy, vertex and box
orretions (see Eq. (4)), aet the qq¯ → tt¯ total ross setion the most. In Fig. 10(b), we
show four representative senarios, where we hoose a light gluino mass of mg˜ = 230 GeV.
If the top squarks are degenerate in mass, mt˜1 = mt˜2 , the orretions are independent of the
squark mixing angle. If furthermore the stop masses are relatively light, i.e. smaller than
500 GeV, no large orretions our beause of a anellation between the positive vertex
orretion and the negative gluon self-energy. Only if the stops are very heavy, i.e. about
2 TeV (dot-dashed line in Fig. 10(b)), the vertex and box orretions are strongly suppressed,
and the negative gluon self-energy determines the NLO SQCD uu¯→ tt¯ ross setion.
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If the stops are non-degenerate in mass, the orretions strongly depend on θt˜ (red solid
line and blue dashed line in Fig. 10(b)). Large positive orretions an only our, if the
positive vertex orretion beomes large (and all other, negative orretions are small) as
is the ase for θt˜ = π/4. Furthermore, the orretions are largest, if the lighter stop mass,
mt˜2 , is as light as allowed by the urrent mass limit, i.e. mt˜2 ≈ 100 GeV, and for the
largest possible mass splitting. The smallest orretion for top squarks non-degenerate in
mass ours for θt˜ = −π/4 beause then the vertex orretion is negligible and the total
orretion is again dominated by the negative gluon self-energy. For all other values of the
stop mixing angle, the relative orretion ∆ˆqq¯ will lie between the red solid and blue dashed
urves in Fig. 10(b).
2. Eets of NLO SQCD orretions in gluon fusion for unpolarized top quarks
Top-pair prodution at the LHC is dominated by gluon fusion and, thus, the disussion
of the SQCD one-loop orretions to gg → tt¯ at parton level is a good indiator of what to
expet at the LHC.
The impat of the gluon self-energy, top self-energy, and vertex orretions to the total
partoni ross setion in gluon fusion is shown in Fig. 11, in form of the relative orretion
∆ˆgg of Eq. (29). The gluon self-energy orretion to gg → tt¯ is displayed in Fig. 11(a), where
the upper and lower plot shows respetively the squark-loop (summed over all quark avors
and with squarks degenerate in mass) and gluino-loop ontributions. Both orretions are
positive and muh less pronouned than in qq¯ annihilation. This is beause the s hannel
ontribution to the gluon fusion ross setion (see Fig. 5) redues the total LO ross setion
by only 7%, interfering destrutively with the t and u hannels. For the same reason, the
orretions are pratially independent of the masses of the light squarks, sine diagrams
that ontain u˜, d˜, c˜, s˜ or b˜ quarks our only in the s hannel orretion.
The upper plot of Fig. 11(b) shows the eets of the o-shell top quark self-energy
ontribution in the t and u hannels of gluon fusion (see Figs. 5(b)). Again the SQCD
one-loop orretions are the larger the lighter the gluino and the stops. They are positive,
inrease with rising
√
sˆ up to about ∆ˆgg = +3% at
√
sˆ = 1200 GeV. They strongly depend
on the stop mixing angle, if the squarks are non-degenerate in mass, and beome largest
for θt˜ = π/4 (solid red line). A similar behavior an be observed, if mt˜1 = mt˜2 and small,
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Figure 11: The relative orretion ∆ˆgg(sˆ) for gluon fusion due to (a) gluon self-energy, (b)(upper
plot) o-shell top quark self-energy, and (b)(lower plot) vertex orretions.
i.e. ≈ 200 GeV. With inreasing stop masses this orretion quikly dereases.
The eets of the vertex orretions are displayed in the lower plot of Fig. 11(b). The
orretions are negative and exhibit the gluon-pair threshold behavior at
√
sˆ = 2mg˜ due
to the vertex diagrams inluding the g˜g˜t˜i loop (see Fig. 27). The largest orretions arise
again for light gluino masses, a large mass splitting of the top squarks and small values of
mt˜2 . However, the inuene of the mixing angle is small and hanges the orretion in the
threshold region by maximally 1.2%. Again, if both top squarks beome heavier the size of
the orretions quikly dereases.
The largest orretions in gluon fusion arise due to the box diagrams of Fig. 6, as an
be seen in Fig. 12(a). In the gluino-pair threshold region the orretions an reah up to
∆ˆgg = +16% for light gluino masses of 230 GeV, large mass splitting of the top squarks
and θt˜ = π/4. The orretions depend again strongly on the stop mixing angle, if the stop
masses are not equal, as displayed in the lower plot of Fig. 12(a). If mt˜1 = mt˜2 , the box
orretions at the gluino-pair threshold reah ∆ˆgg = +8% for stop masses of 200 GeV and
only ∆ˆgg = +2% for masses of 500 GeV.
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Sine the top self-energy and vertex orretion add destrutively and the gluon self-energy
is negligible, the omplete SQCD one-loop orretion to gluon fusion is dominated by the
box orretions and exhibits the same harateristis. This is illustrated in Fig. 12(b), where
we show the impat of the omplete SQCD one-loop orretion to the partoni total ross
setion of gluon fusion for four dierent MSSM senarios, whih dier by the hoies of top-
squark masses and mixing angles. The orretions are pratially independent of the light
squark masses, mq˜, beause they ontribute only to the gluon self-energy. The orretions
are mostly positive, with a size of maximally ∆ˆgg = +15% at the gluino-pair threshold.
They an beome negative, reahing maximally ∆ˆgg = −2.5% for
√
sˆ ≈ 1 TeV.
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Figure 12: The relative orretion ∆ˆgg(sˆ) for gluon fusion due to (a) box orretions (upper plot:
mt˜ ≡ mt˜1 = mt˜2) and (b) when inluding the omplete SQCD one-loop orretions.
3. Hadroni ross setions to unpolarized pp, pp¯→ tt¯ at NLO SQCD
The eets of the NLO SQCD orretions to the hadroni ross setions result from the
ombination of the already disussed eets to the partoni ross setions and the PDFs (see
Eq. (3)). The hadroni tt¯ ross setions at the Tevatron Run II and the LHC are dominated
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respetively by the quark and gluon PDFs, whih both emphasize parton-level eets in the
viinity of the tt¯ threshold,
√
sˆ = 2mt = 350 GeV, but are rapidly dereasing for inreasing
values of
√
sˆ. The hoie of the values for the MSSM input parameters, mg˜, mt˜1 , mt˜2 and θt˜,
is guided by the disussion of the SQCD eets at the parton level of Setions IIIA 1, IIIA 2.
We rst study the dependene of the relative orretion ∆ of Eq. (30) on the gluino and
heavier stop masses for four dierent hoies of the light stop mass and the stop mixing angle.
These hoies are representative for the possible hoies that aet the tt¯ ross setions the
most.
The impat of the SQCD one-loop orretions on the total hadroni ross setion in
dependene of the gluino mass is shown in Fig. 13(a) for the Tevatron Run II and in Fig. 13(b)
for the LHC. The orretions are largest for gluino masses of 200− 250 GeV, sine for these
masses the gluino-pair threshold lies in the viinity of the tt¯ threshold. For mg˜ = 230 GeV
the SQCD one-loop orretions vary between ∆ = −4% and ∆ = +5% at the Tevatron Run
II, and between ∆ = −1.5% and ∆ = +5.5% at the LHC. They derease to approximately
∆ = −0.5% (Tevatron Run II) and ∆ = +1% (LHC) for gluino masses of 500 GeV. Sine
large orretions always originate from the gluino-pair threshold, the relative orretions
derease for heavier gluinos.
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Figure 13: The relative orretion ∆ due to SQCD one-loop orretions in dependene of the gluino
mass, mg˜, at (a) the Tevatron Run II and (b) the LHC.
The inuene of the top-squark masses on the SQCD one-loop orretions is shown in
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Fig. 14(a) for the Tevatron Run II and in Fig. 14(b) for the LHC. Varied for these plots is
either the heavier top-squark mass alone (mt˜1), or, in ase of the dot-dashed line, both stop
masses are varied together. The solid red, dashed blue and dotted blak lines show that
the orretions inrease with inreasing dierene in the top-squark masses, as disussed
at the parton level in Setion IIIA 1, IIIA 2. The solid red and dashed blue lines end at
mt˜1 ≈ 650 GeV and the dotted line at mt˜1 ≈ 850 GeV, beause for larger values of mt˜1 , the
parameter ∆ρ exeeds the urrent limit of 0.0035 [71℄. At the Tevatron Run II, if the top
squarks are degenerate in mass, the largest orretion arises for very large top-squark masses
beause then the orretion is determined by the gluino loop in the gluon self-energy, whih
amounts to ∆ ≈ −4% at hadron level. For mt˜ > 2 TeV the orretion does not inrease
muh anymore and stays at about ∆ = −4%. At the LHC, the gluon self-energy plays a
very minor rule, and all other orretions depend on the top squark mass. Therefore, the
orretions deouple and approah zero if both top squarks are heavy.
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Figure 14: The relative orretion ∆ due to SQCD one-loop orretions in dependene of the heavier
top-squark mass, mt˜1 , at (a) the Tevatron Run II and (b) the LHC.
The relative orretions to the Mtt¯ and pT distributions of Eq. (30) are shown in Fig. 15
and Fig. 16, respetively. Both the Mtt¯ and the pT distribution exhibit the harater-
isti eets of the gluino-pair threshold, whih an lead to a signiant distortion of
the shape of these distributions. At the Tevatron Run II, for instane, when hoosing
mt˜1,t˜2 = 600, 100 GeV, θt˜ = π/4 and mg˜ = 230 GeV, the orretions to the Mtt¯(pT ) distri-
26
           pp−  →  tt−   (√S = 1960 GeV)
-15
-10
-5
0
5
10
15
20
350 375 400 425 450 475 500 525 550 575 600
Mtt-  [GeV]
∆(
M
tt- ) 
  [%
 ]
mg~ = 230 GeV mt~{1,2} = {600, 100} GeV
θt~ =  + pi/4
θt~ =  − pi/4
mt~1 = mt~2 = 2 TeV
mt~{1,2} = {800, 250} GeV,  θt~ =  − pi/4
           pp  →  tt−   (√S = 14 TeV)
-10
-5
0
5
10
15
20
350 375 400 425 450 475 500 525 550 575 600
Mtt-  [GeV]
∆(
M
tt- ) 
  [%
 ]
mg~ = 230 GeV mt~{1,2} = {600, 100} GeV
θt~ =  + pi/4
θt~ =  − pi/4
mt~1 = mt~2 = 200 GeV
mt~{1,2} = {800, 250} GeV,  θt~ =  − pi/4
(a) (b)
Figure 15: The relative orretion ∆(Mtt¯) due to SQCD one-loop orretions at (a) the Tevatron
Run II and (b) the LHC.
bution inrease for Mtt¯ < 460 GeV(pT < 150 GeV) and an enhane the LO distribution by
up to ∆(Mtt¯)(∆(pT )) = +15(+9.5)% and then derease quikly for larger values of Mtt¯(pT ).
This behavior suggests that the relative orretions to the total tt¯ ross setion an be en-
haned by applying uts on the pT of the top quark. For instane, when restriting the top
quark pT to the range 75 GeV < pT < 170 GeV, the relative orretion at the Tevatron
Run II reahes ∆ = +7.1% (instead of ∆ = +5.4% without uts, see Fig. 13). Keeping the
same top-squark parameters but hoosing mg˜ = 260 GeV and 100 GeV < pT < 210 GeV,
we nd ∆ = +5.5% (instead of ∆ = +4.1% without uts). At the LHC, hoosing
mt˜1,t˜2 = 600, 100 GeV, θt˜ = π/4, mg˜ = 230 GeV and 100 GeV < pT < 170 GeV, we
nd ∆ = +7.5% (instead of ∆ = +5.7% without uts). We also studied the eets of rapid-
ity uts and found that they do not aet the relative orretions muh, beause the NLO
SQCD orretions are quite stable with respet to the rapidity distribution of the top quark.
In view of antiipated experimental unertainties of about 10% and 5% in the total tt¯
prodution rate at the Tevatron Run II and the LHC, respetively, and a urrent theoretial
unertainty of the QCD predition of about 12% [10, 11℄, it will be diult to reah sensitiv-
ity on SQCD eets in this observable. The Mtt¯ and pT distributions exhibit an interesting
signature of SQCD one-loop orretions, but they are strongly aeted in only a few bins
and the nal verdit on its observability must be left to an analysis, that inludes for in-
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stane top deays and the detetor response. However, the inlusion of the known SUSY
eletroweak one-loop eets [47℄ may help to enhane SUSY loop-indued eets. First re-
sults of ombined SUSY eletroweak and SQCD one-loop orretions have been presented
at the Tevatron in Ref. [56℄, but a detailed study at the LHC and the Tevatron Run II still
needs to be done.
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Figure 16: The relative orretion ∆(pT ) due to SQCD one-loop orretions at (a) the Tevatron
Run II and (b) the LHC.
B. Polarized top-pair prodution at NLO SQCD
In this setion, we onsider the prodution of polarized top-quark pairs at the Tevatron
Run II and the LHC. We are working in the heliity basis of left- and right-handed top
quarks, as disussed in Setion IIA. The inoming quarks and gluons are still onsidered
to be unpolarized. In the following, we use the notation that the indies 'L' and 'R' denote
left (λt(t¯) = −1/2) and right-handed (λt(t¯) = +1/2) top(antitop) quarks, respetively.
Sine the SQCD ouplings of gluinos and squarks ontain an axial-vetor part (see Ap-
pendix A, Fig. 24), the SQCD one-loop orretions may aet the prodution of left and
right-handed top quarks dierently. To study these dierenes in detail, we rst disuss in
Setions III B 1 (qq¯ annihilation) and Setion III B 2 (gluon fusion) the impat of the SQCD
one-loop orretions on the total partoni tt¯ ross setions of Eq. (1) for eah top and antitop
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heliity state separately, using the following relative orretions at the parton level:
∆ˆabqq¯,gg(sˆ) =
σˆNLOqq¯,gg (λt, λt¯)− σˆLOqq¯,gg(λt, λt¯)
σˆLOqq¯,gg(λt, λt¯)
, (31)
with ab = LL,RR denoting the relative orretion for spin-like tt¯ prodution with λt =
−1/2, λt¯ = −1/2 and λt = +1/2, λt¯ = +1/2, respetively. Similarly, ab = LR,RL denotes
the relative orretion for spin-unlike tt¯ prodution with λt = −1/2, λt¯ = +1/2 and λt =
+1/2, λt¯ = −1/2, respetively. Naturally, sine QCD preserves parity, there is no dierene
in the spin-unlike amplitudes at LO QCD, i.e. σˆLOqq¯,gg(+1/2,−1/2) = σˆLOqq¯,gg(−1/2,+1/2).
Sine we are not onsidering any CP violating ouplings, the spin-like amplitudes are the
same at both LO QCD and NLO SQCD, i.e. σˆLO,NLOqq¯,gg (−1/2,−1/2) = σˆLO,NLOqq¯,gg (+1/2,+1/2).
Dierenes in the spin-unlike amplitudes at NLO SQCD manifest themselves in parity-
violating polarization asymmetries, whih we study in detail at hadron level in Setion III B 3.
We onsider the following dierential and integrated polarization asymmetries [12℄:
• The left-right asymmetry in the Mtt¯ distribution
δALR(Mtt¯) = dσRL/dMtt¯ − dσLR/dMtt¯
dσRL/dMtt¯ + dσLR/dMtt¯
(32)
and in the total hadroni tt¯ ross setion
ALR = σRL − σLR
σRL + σLR
, (33)
where we introdued the notation dσLR(RL) ≡ dσNLO(λt = −1/2(+1/2), λt¯ =
+1/2(−1/2)) with the hadroni NLO SQCD ross setions of Eq. (3).
• The left-right asymmetry in the Mtt¯ distribution, when assuming that the polarization
of the antitop quark is not measured in the experiment (denoted by U=unpolarized),
δA(Mtt) = (dσRL/dMtt¯ + dσRR/dMtt¯)− (dσLL/dMtt¯ + dσLR/dMtt¯)
(dσRL/dMtt¯ + dσRR/dMtt¯) + (dσLL/dMtt¯ + dσLR/dMtt¯)
=
dσRU/dMtt¯ − dσLU/dMtt¯
dσNLO/dMtt¯
(34)
and the orresponding asymmetry in the total hadroni tt¯ ross setion
A = (σRL + σRR)− (σLL + σLR)
σRL + σRR + σLL + σLR
=
σRU − σLU
σNLO
(35)
with the unpolarized NLO SQCD ross setions, dσNLO =
∑
λt,λt¯=±1/2 dσNLO(S, λt, λt¯).
In this way, one ompliated polarization measurement is avoided.
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These parity-violating asymmetries are zero for stop mixing angles θt˜ = ±π4 (then λAj = 0,
see Appendix A) and top squarks degenerate in mass. The latter is due a anellation of
the parity-violating terms in the sum of the t˜1 and t˜2 ontributions, sine λ
A
1 = −λA2 and for
equal stop masses the terms multiplying λjA are the same.
In addition to the parity-violating polarization asymmetries, we study in Setion III B 3
the spin orrelation funtions of Ref. [76℄, whih are parity-onserving asymmetries in the
spin-like and spin-unlike ontributions to the tt¯ ross setions. They are dened as follows:
C =
(dσRR/dMtt¯ + dσLL/dMtt¯)− (dσLR/dMtt¯ + dσRL/dMtt¯)
(dσRR/dMtt¯ + dσLL/dMtt¯) + (dσLR/dMtt¯ + dσRL/dMtt¯)
=
(dσRR/dMtt¯ + dσLL/dMtt¯)− (dσLR/dMtt¯ + dσRL/dMtt¯)
dσNLO/dMtt¯
(36)
and
C =
(σRR + σLL)− (σLR + σRL)
(σRR + σLL) + (σLR + σRL)
=
(σRR + σLL)− (σLR + σRL)
σNLO
. (37)
1. Eets of NLO SQCD orretions in qq¯ annihilation for polarized top quarks
In this setion, we study the eets of the SQCD one-loop orretions on the partoni
ross setions for polarized top quarks in qq annihilation. We are espeially interested in the
dierenes between the orretions to tLt¯R and tRt¯L prodution, sine they will determine the
size of the polarization asymmetries at hadron level at the Tevatron. As in the unpolarized
ase, we only show results for uu¯ → tt¯, representatively for all qq¯-initiated proesses. In
Fig. 17, we show the relative orretion ∆ˆabqq¯ of Eq. (31) for the sum of the diret and rossed
box orretions, separately for eah top(antitop) polarization state. The harateristis
of the box orretions are similar to the ones observed in the unpolarized ase, whih we
disussed in Setion IIIA 1. In partiular, the polarized box orretion also exhibits the
threshold behavior at
√
sˆ = 2mg˜. Fig. 17(a) shows the orretion in dependene of the
partoni CMS energy for a small gluino mass of mg˜ = 230 GeV and for a hoie of the stop
mixing angle, where we expet the left-right asymmetry to be large. The dependene of the
box orretion on the stop mixing angle is shown in Fig. 17(b) with
√
sˆ hosen to be at the
gluino-pair threshold. As an be seen, the dierenes between the relative orretions to
tLt¯R and tRt¯L prodution are largest for θt˜ = ±π/2, 0.
In Fig. 18 we show the relative orretion due to the omplete SQCD one-loop orretion
in dependene of the partoni CMS energy (upper plots) and the stop mixing angle (lower
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Figure 17: The relative orretions ∆ˆabqq¯(sˆ) (ab = LR,RL,RR = LL) due to the box orretion for
polarized top-quark pairs in qq¯ annihilation in dependene of (a) the partoni CMS energy and (b)
the stop mixing angle.
plots). Sine the box orretion is very small ompared to the omplete orretion, and
the gluon self-energy is independent of the top(antitop) polarization (and thus anel in
the polarization asymmetries), the dierenes between the relative orretions to tLt¯R and
tRt¯L prodution observed in Fig. 18 are mainly due to the vertex orretion. Fig. 18(a)
shows the orretions for mg˜ = 230 GeV and mt˜2 = 100 GeV, and Fig. 18(b) the orretions
for somewhat heavier partiles, mg˜ = 300 GeV and mt˜2 = 250 GeV. The vertex orretion
introdues large partoni left-right asymmetries in the gluino-pair threshold region and at
high
√
sˆ for θt˜ = ±π/2, 0. Furthermore, as illustrated in Fig. 18 (lower plots), the largest
relative orretions our in spin-like top-pair prodution (∆ˆRRqq¯ = ∆ˆ
LL
qq¯ ) at θt˜ = ±π4 . In this
ase, the relative dierene between the orretions to spin-like (tRt¯R, tLt¯L) and spin-unlike
(tRt¯L, tLt¯R) top-pair prodution inreases with inreasing gluino mass. We found that if the
stops are degenerate in mass, the orretions to spin-like and spin-unlike tt¯ prodution are
of omparable size. If in addition the top squarks are very heavy (mt˜1 = mt˜2 ≈ 2 TeV), the
orretions are ompletely independent of the top polarization states, beause then they are
determined by the gluon self-energy, as disussed in Setion IIIA 1.
2. Eets of NLO SQCD orretions in gluon fusion for polarized top quarks
When studying the eets of the SQCD one-loop orretions on the partoni ross setions
for polarized top quarks in gluon fusion, we again are espeially interested in the dierenes
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Figure 18: The relative orretions ∆ˆabqq¯(sˆ) (ab = LR,RL,RR = LL) due to the omplete SQCD
one-loop orretions for polarized top-quark pairs in qq annihilation in dependene of the partoni
CMS energy (upper plots) and the stop mixing angle (lower plots) for two sets of hoies of the
MSSM parameters: (a) mg˜ = 230 GeV, mt˜1,t˜2 = 600, 100 GeV and (b) mg˜ = 300 GeV, mt˜1,t˜2 =
800, 250 GeV.
between tRt¯L and tLt¯R prodution, sine this will determine the size of the polarization
asymmetries at hadron level at the LHC. As for qq¯ annihilation, also in gluon fusion the gluon
self-energy orretion is independent of the top(antitop) polarization states. In Fig. 19(a)
we therefore show the relative orretions ∆ˆabgg of Eq. (31) separately only for the top self-
energy and vertex orretions, hoosing mg˜ = 230 GeV and mt˜1,2 = 600, 100 GeV. As an be
seen, the top self-energy and the vertex orretions depend strongly on the polarizations of
the top and antitop quarks, induing dierenes between the orretions to tRt¯L and tLt¯R
prodution of several perent. However, the partoni left-right asymmetries due to these
two orretions are of opposite sign and therefore almost anel in the omplete SQCD
one-loop orretion. Also the orretions to spin-like top-pair prodution have opposite
signs and interfere destrutively. Therefore, the relative orretion due to the omplete
SQCD one-loop orretion, shown in Fig. 19(b), is largely determined by the box orretion.
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Figure 19: The relative orretions ∆ˆabgg(sˆ) (ab = LR,RL,RR = LL) for polarized top-quark pairs
in gluon fusion due to (a) top self-energy and vertex orretions and (b) the omplete SQCD one-
loop orretion in dependene of the partoni CMS energy. Also shown is the stop mixing angle
dependene of the omplete SQCD one-loop orretion ((b) lower plot).
The relative orretion for spin-like top-pair prodution is muh larger than the one for
tRt¯L, tLt¯R prodution, whih is still the ase for larger values of mg˜. The dierene in the
box orretion to tRt¯L and tLt¯R prodution is relatively small and therefore also the partoni
left-right asymmetry indued by the omplete SQCD one-loop orretions is small.
3. Hadroni ross setions to polarized pp, pp¯→ tt¯ at NLO SQCD
In the following disussion of parity violating eets in polarized tt¯ prodution at the
Tevatron Run II and the LHC, we benet from the detailed study of these eets at the
parton level in Setions III B 1, III B 2, so that we an restrit our disussion to the following
two sets of hoies for the stop masses and mixing angle:
(I) mt˜1 = 600 GeV, mt˜2 = 100 GeV, θt˜ = π/12
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(II) mt˜1 = 800 GeV, mt˜2 = 250 GeV, θt˜ = 0 (38)
and to a few values of the gluino mass. These parameter sets are representative for the
hoies that yield the largest numerial impat. The top-squark mixing angle of set (I) is
hosen to be π/12 instead of zero, sine in this ase smaller values of θt˜ render the soft
supersymmetry breaking mass M2
t˜R
negative.
At the Tevatron Run II, the integrated left-right asymmetries in the total hadroni ross
setion of Eqs. (33), (35) are largest for set (I): We nd ALR = −1.08%,A = −0.79% for
mg˜ = 230 GeV, and ALR = −0.72%,A = −0.53% for mg˜ = 300 GeV. These small asym-
metries are learly not observable at the Tevatron: For instane, the statistial signiane
NS of Eq. (19) in Ref. [12℄ only amounts to NS = 2.0(1.7) for |ALR| = 1.08%(|A| = 0.79%)
for an integrated luminosity of L = 8 fb−1, while onservatively NS > 4 is required to
be statistially signiant. In Fig. 20(a) we show the parity-violating asymmetries in the
Mtt¯ distribution, δALR(Mtt¯) of Eq. (32) and δA(Mtt¯) of Eq. (34), for sets (I) and (II) and
a gluino mass of 230 GeV and 300 GeV. The asymmetry δA(Mtt¯) ould be an interest-
ing observable at the Tevatron, sine the ross setions for the spin-like polarization states
(tLt¯L, tRt¯R) are muh smaller than the ones for the spin-unlike polarization states (tLt¯R, tRt¯L)
and, thus, do not signiantly derease this asymmetry ompared to δALR(Mtt¯). Due to
harateristi peaks at the gluino-pair threshold, δA(Mtt¯) an reah −3.4%(−4.1%) for set
(I) and mg˜ = 230(300) GeV, and −2.1%(−3.0%) for the heavier top-squark mass set (II).
If the polarization of the antitop quark is also measured, the resulting left-right asymmetry
δALR(Mtt¯) of Eq. (32) ould reah −4.7% (set (I) and mg˜ = 230 GeV) and −4.6% (set (I)
and mg˜ = 300 GeV).
In Fig. 20(b), we show the parity-violating asymmetries in the Mtt¯ distribution of
Eqs. (32), (34) at the LHC. Sine at the LHC the ross setion of tRt¯R, tLt¯L prodution is
muh larger (roughly three times) than the one for tLt¯R, tRt¯L prodution, the asymmetries
δA(Mtt¯),A of Eqs. (34), (35) are signiantly smaller than δALR(Mtt¯),ALR of Eqs. (32), (33).
At the LHC, the left-right asymmetry δALR(Mtt¯) reahes a maximum for set (I) of −2.0%
for mg˜ = 230 GeV and −1.1% for mg˜ = 400 GeV. In omparison, if the polarization of the
antitop quark is not measured, we nd for the same set of MSSM parameters that δA(Mtt¯)
is maximally −0.64% and −0.58%. The asymmetries in the total hadroni ross setion,
ALR of Eq. (33) and A of Eq. (35), reah for set (I) a maximum value of −0.24% and
−0.08% for mg˜ = 230 GeV and −0.37% and −0.13% for mg˜ = 280 GeV. For set (II) the
34
           pp−  →  tt−   (√S = 1960 GeV)
-6
-5
-4
-3
-2
-1
0
1
2
3
4
400 450 500 550 600 650 700
Mtt-  [GeV]
δA
LR
 
(M
tt- ) 
  [%
 ]
mg~ = 230 GeV mg~ = 300 GeV
mt~{1,2} = {600, 100} GeV,  θt~  =  + pi/12
mt~{1,2} = {800, 250} GeV,  θt~  =  0
           pp  →  tt
−
   (√S = 14 TeV)
-2.5
-2
-1.5
-1
-0.5
0
0.5
1
1.5
2
2.5
400 500 600 700 800 900 1000
Mtt
−
  [GeV]
 
δA
LR
(M
tt− ) 
 [%
 ]
mg
~
 = 230 GeV
mg
~
 = 400 GeV
mt
~
{1,2} = {600, 100} GeV,  θt~  =  + pi/12
mt
~
{1,2} = {800, 250} GeV,  θt~  =  0
           pp−  →  tt−   (√S = 1960 GeV)
-6
-5
-4
-3
-2
-1
0
1
2
3
4
400 450 500 550 600 650 700
Mtt-  [GeV]
δA
 (M
tt- ) 
  [%
 ]
mg~ = 230 GeV mg~ = 300 GeV
mt~{1,2} = {600, 100} GeV,  θt~  =  + pi/12
mt~{1,2} = {800, 250} GeV,  θt~  =  0
           pp  →  tt−   (√S = 14 TeV)
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
400 500 600 700 800 900 1000
Mtt−  [GeV]
 
δA
(M
tt− ) 
 [%
 ]
mg~ = 230 GeV
mg~ = 400 GeV
mt~{1,2} = {600, 100} GeV,  θt~  =  + pi/12
mt~{1,2} = {800, 250} GeV,  θt~  =  0
(a) (b)
Figure 20: Parity-violating asymmetries in the Mtt¯ distribution for polarized top-quark pairs (upper
plots) and for polarized top and unpolarized antitop quarks (lower plots) at (a) the Tevatron Run II
and (b) the LHC.
asymmetries are maximal at roughly mg˜ = 300 GeV with ALR = −0.26% and A = −0.09%.
For both parameter sets, ALR and A derease slowly for heavier gluinos. At the LHC,
integrated parity-violating asymmetries as small as 0.1% may be aessible: For instane,
we nd statistial signianes of NS = 9.0(5.3) for |ALR| = 0.37%(|A| = 0.13%) (with
L = 30 fb−1).
In the remaining part of this setion we will provide numerial results for the spin or-
relation funtions of Eqs. (36), (37) at the LHC. Fig. 21(a) shows the dierene between
the LO QCD and NLO SQCD preditions for the spin orrelation funtion C of Eq. (36)
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in dependene of the top-squark mixing angle. A omparison of the LO QCD and NLO
SQCD preditions for the spin orrelation funtion C of Eq. (37) is shown in Fig. 21(b).
The LO QCD preditions are obtained from Eqs. (36), (37) by replaing the NLO ross se-
tion with the LO ross setions. As shown in Fig. 19(b), the SQCD one-loop orretions to
the tRt¯R, tLt¯L and tLt¯R, tRt¯L prodution an dier onsiderably, resulting in large deviations
from the LO QCD predition for C, and thus an lead to potentially observable eets at
the LHC. Sine this dierene strongly depends on the stop mixing angle, this spin orre-
lation funtion may have the potential for extrating information about θt˜. In Fig. 22, we
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Figure 21: Spin orrelation funtions in polarized tt¯ prodution at the LHC at LO QCD and NLO
SQCD. Shown is (a) the dierene between the LO QCD and NLO SQCD spin orrelation funtions,
C0 and C, in dependene of the top-squark mixing angle θt˜ and (b) C in dependene of the invariant
tt¯ mass.
disuss the dierene between the LO QCD (C0) and NLO SQCD (C) preditions for the
spin orrelation funtion of Eq. (37) in more detail. As an be seen in Fig. 22(a), a deviation
from the LO QCD predition of maximal 3.7% an be ahieved for light stop and gluino
masses and a top-squark mixing angle of θt˜ = π/4. Sine the spin orrelation funtions
C, C do not suer from luminosity unertainties (they anel in the ross setion ratios),
and due to the high tt¯ yield at the LHC, they may be interesting observables to searh for
loop-indued SUSY eets in tt¯ prodution. To see how these eets ompare to theoretial
unertainties in the preditions for C we show again in Fig. 22(b) the dierene CX − C0
36
with CX = C for mt˜1 = 600 GeV, mt˜2 = 100 GeV, θt˜ = π/4 and a light and heavier gluino,
together with the unertainty bands indued by the LO QCD sale dependene, varied be-
tween mt/2 < µF = µR < 2mt, and an experimental top-mass unertainty of ∆mt = 1
GeV. The bands are alulated with CX being the LO spin orrelation funtion for dierent
values of mt and µR, µF , and C0 is alulated for mt = µF = µR = 175 GeV. Sine the sale
unertainty is obtained at LO QCD, we expet the orresponding band to be onsiderably
less pronouned when inluding the known QCD NLO results [23, 24, 25, 26, 27, 28℄. In
view of an antiipated relative experimental error on C of about 4% [77℄, this observable
has the potential to be sensitive to loop-indued SUSY eets.
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Figure 22: Dierene between the LO QCD and NLO SQCD spin orrelation funtions, C0 and C,
at the LHC in dependene of the invariant tt¯ mass. In (b) we ompare the NLO SQCD predition
for this dierene (dotted lines with CX = C and mt˜1 = 600 GeV,mt˜2 = 100 GeV, θt˜ = pi/4,mg˜ =
230, 400 GeV) to the LO QCD predition with CX desribing the LO spin orrelation funtion for
varying top mass and renormalization and fatorization sales. The bands are obtained due to a
variation of mt by ±1 GeV (grey, ross-hathed band with the lower line orresponding to mt−1 GeV
and the upper line to mt+1 GeV) and due to a variation of µF and µR by mt/2 < µF = µR < 2mt
(red, hathed band). C0 in (a) and (b) is alulated for mt = µF = µR = 175 GeV.
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C. Comparison with existing alulations
The NLO SQCD orretions to qq¯ → tt¯ for unpolarized top quarks have also been al-
ulated in Refs. [53, 54, 55℄, however in Ref. [53℄ the ontribution of the gluon self-energy
and the rossed box diagram (Fig. 4(b)) is missing. We ompared our results analytially
and numerially with those presented in Refs. [54, 55℄ and found agreement, if we adjust
for a missing (−1) sign for the diret box (Fig. 4(a)) ontribution in Ref. [54℄ and missing
(−1) signs for the diret (Fig. 4(a)) and rossed box (Fig. 4(b)) ontributions of Ref. [55℄. A
detailed disussion of the box ontributions an be found in Appendix B. The NLO SQCD
orretions to gluon fusion for unpolarized top quarks have also been alulated in Ref. [50℄.
When we use their hoies of the SM and MSSM input parameters and assume αs = 0.120
we were able to reprodue the numerial results presented in the gures of Ref. [50℄.
IV. CONCLUSION
We studied in detail the eets of SQCD one-loop orretions to the main prodution
proesses for polarized and unpolarized strong tt¯ prodution, qq¯ → tt¯ and gg → tt¯, at the
Tevatron Run II and the LHC. We presented numerial results for the total tt¯ prodution
rate, the invariant tt¯ mass and top transverse momentum distributions in unpolarized tt¯
prodution and for a number of asymmetries in polarized tt¯ prodution for dierent hoies
of the MSSM input parameters, mg˜, mt˜1 , mt˜2 and θt˜. We found that the largest orretions
our for the lightest gluino allowed by urrent experimental limits and large stop-mass
splittings. For instane, for mt˜1 , mt˜2 = 600, 100 GeV and θt˜ = π/4, the SQCD one-loop
orretions enhane the LO total hadroni tt¯ ross setion by 7.1% (when restriting the
top quark pT to 75GeV < pT < 170 GeV) at the Tevatron Run II for mg˜ = 230 GeV and
by 7.5% (100GeV < pT < 210 GeV) at the LHC for mg˜ = 260 GeV. The NLO SQCD Mtt¯
and pT distributions an be signiantly distorted due to a gluino-pair prodution threshold
at
√
sˆ = 2mg˜. For Mtt¯ and pT values in the viinity of this threshold, the SQCD one-loop
orretions an enhane the LO Mtt¯ and pT distributions by 15% and 9.5%, respetively.
When onsidering polarized tt¯ prodution, we studied the eets on parity-violating and
parity-onserving asymmetries in the total hadroni ross setion and the Mtt¯ distribution.
We found that in view of the antiipated top-quark yield at the Tevatron Run II, it will
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be diult to observe loop-indued SUSY eets in polarization asymmetries. At the LHC,
however, we nd promising eets: The parity-violating asymmetries in the prodution of
left and right-handed top and antitop quarks an reah up to |δALR(Mtt¯)| = 2.0% in theMtt¯
distribution and |ALR| = 0.37% in the total hadroni ross setion. The parity-onserving
spin orrelation funtion, C, that desribes an asymmetry in the Mtt¯ distributions of spin-
like and spin-unlike tt¯ prodution an dier from the LO QCD predition by up to 3.7%.
These eets are promising enough to motivate a future study whih inludes top-quark
deays and the detetor response, in order to determine whether they are observable at the
LHC. Suh a study should also inlude SM and SUSY eletroweak one-loop orretions,
sine they an either enhane or diminish the SQCD indued eets.
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Appendix A: FEYNMAN RULES
The relevant QCD Lagrangian of the MSSM is given in Ref. [6℄ with the onvention of the
ovariant derivative Dµ = ∂µ + igsG
a
µT
a
with the gluon eld Gaµ, strong oupling parameter
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gs =
√
4παs, and T
a = λa/2, where λa denote the Gell-Mann-matries. Furthermore the
methods of Ref. [66℄ are applied to address Feynman graphs ontaining Majorana partiles.
In [66℄ a fermion ow, denoted by a thin line with arrow, is introdued in addition to the
standard fermion number ow to deal with diagrams ontaining fermion number violating
fermion hains. The relevant SQCD Feynman rules used in this paper are given in Figs. 23-
25.
p
p¯gaµ
q˜∗ki
q˜lj
: −igsT akl(p − p)µδij
q˜∗kig
a
µ
q˜ljg
b
ν
: ig2s (
δab
3 δkl + dabcT
c
kl)gµνδij
Figure 23: The Feynman rules for the triple and quarti squark-gluon interations. a, b, c = 1 . . . 8
and k, l = 1 . . . 3 are olor indies and i, j = L,R and i, j = 1, 2(L,R) with(without) mixing are
the squark indies. Here dabc is total symmetri, dened by dabc = 2Tr [{T a, T b}T c].
q˜lj
q¯ k
g˜a
: Γa,j1,kl = −i
gsTakl√
2
(gjs + g
j
pγ5)
ql
g˜a
q˜∗kj
: Γa,j2,kl = −i
gsTakl√
2
(gjs − gjpγ5)
Figure 24: The g˜-q˜j-q - vertex written in generalized form in terms of salar and pseudo salar
ouplings, gL,Rs,p , with g
L,R
s = ±1 and gL,Rp = 1. The thin line with arrow represents the fermion
ow of Ref. [66℄.
When onsidering q˜L-q˜R-mixing the interation eigenstates are replaed by the mass eigen-
states in the interation Lagrangian, as disussed in Setion IIC, whih has the following
impat on the squark ouplings of Fig. 24:
g1,2s = cos θq˜ g
L,R
s ± sin θq˜ gR,Ls
g1,2p = cos θq˜ g
L,R
p ± sin θq˜ gR,Lp . (A1)
For onveniene we introdue the abbreviations
λ±j = (g
j
s)
2 ± (gjp)2 and λAj = 2gjsgjp . (A2)
The SM QCD Feynman rules whih we need to alulate the tt¯ ross setions are given in
Fig. 26.
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gaµ
g˜c
g˜b
: −gsfabcγµ
 ba
p
:
iδab
p/−m+iε
p
lk
:
iδkl
p2−m2+iε
Figure 25: The g-g˜-g˜ - vertex with the SU(3) struture onstants fabc, and the gluino and squark
propagators.
gaµ
ql
q¯k
: −igsT aklγµ
p
k l
:
iδkl
p/−m+iε
µ, a ν, b
p
:
−igµνδab
p2+iε
k
1
; 
1
; a
1
k
3
; 
3
; a
3
k
2
; 
2
; a
2
:
−gsfa1a2a3×
{(k1 − k2)µ3gµ1µ2
+(k2 − k3)µ1gµ2µ3
+(k3 − k1)µ2gµ3µ1}
gcµ
cb
c¯a
p
: gspµf
abc
Figure 26: SM QCD Feynman rules. The long thin lines with arrows denote the fermion ow of
Ref. [66℄.
To obtain the Feynman rules with reversed fermion ow for diagrams ontaining Dira
fermions (Fig. 24, gq¯q-vertex and quark propagator in Fig. 26) one has to replae in the
above rules the strings of Dira matries Γi = 1, iγ5, γµγ5, γµ, σµν by
Γ′i = ηiΓi = CΓ
T
i C
−1
with ηi =

 1 for Γi = 1, iγ5, γµγ5−1 for Γi = γµ, σµν , (A3)
where C denotes the harge onjugation operator. Further rules for dealing with external
spinors an be found in Ref. [66℄.
Appendix B: ANALYTICAL NLO SQCD CORRECTIONS TO qq → tt
With the Feynman rules presented in Appendix A and the ounterterms of the renor-
malization proedure as desribed in Setion IIB the SQCD one-loop orretions to the
qq annihilation subproess an be given in the ompat form of Eq. (4). The expliit ex-
pressions of the UV nite (after renormalization) gluon self-energy ontribution, Πˆ(sˆ), is
given in Eq. (12) of Setion IIB. The renormalized gqq¯ vertex is paramatrized in terms of
UV nite (after renormalization) formfators, FV , FM , GA (introdued in Ref. [29℄), desrib-
ing the vetor, magneti and axial vetor parts, respetively. The SQCD one-loop vertex
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orretions of Fig. 27 modify these formfators as follows:
αs
4π
FV (sˆ, mq) =
αs
4π
∑
j=1,2
{
−1
6
λ+j C00(sˆ, mg˜, mq˜j , mq˜j)
+
3
4
[
λ+j (B0(sˆ, mg˜, mg˜)− (2C00 + (m2q +m2g˜ −m2q˜j)C0)(sˆ, mq˜j , mg˜, mg˜))
− λ−j 2mg˜mqC0(sˆ, mq˜j , mg˜, mg˜)
]}
+ δZV (B1)
αs
4π
FM(sˆ, mq) =
αs
4π
∑
j=1,2
{
λ+j
m2q
6
(C1 + C2 + C11 + C22 + 2C12)(sˆ, mg˜, mq˜j , mq˜j )
− λ−j
1
6
mg˜mq(C0 + C1 + C2)(sˆ, mg˜, mq˜j , mq˜j ) (B2)
+
3
2
m2q
[
λ+j (C1 + C2 + C11 + C22 +2C12) + λ
−
j
mg˜
mq
(C1 + C2)
]
(sˆ, mq˜j , mg˜, mg˜)
}
αs
4π
GA(sˆ, mq) =
αs
4π
∑
j=1,2
{
1
6
λAj C00(sˆ, mg˜, mq˜j , mq˜j) +
3
4
λAj [−B0(sˆ, mg˜, mg˜)
+ (2C00 −(m2q −m2g˜ +m2q˜j)C0 − 2m2q(C1 + C2))(sˆ, mq˜j , mg˜, mg˜)
]}
+ δZA (B3)
with δZV,A of Eq. (15) and λ
±
j , λ
A
j dened in Eq. (A2). The two point funtions,
B0(sˆ, m1, m2) = B0(sˆ, m
2
1, m
2
2), and the three point funtions, [Cl, Clm](sˆ, m1, m2, m3) =
[Cl, Clm](m
2
q , sˆ, m
2
q , m
2
1, m
2
2, m
2
3), follow the notation of Ref. [60℄.
q¯
q
g
=
q¯
q
g
q˜j
g˜
g˜
+
q¯
q
g
g˜
q˜j
q˜j
+
g
q
q¯
Figure 27: Renormalized gluon-quark-quark vertex orretion at NLO Susy-QCD. Graphs ontaining
squarks are summed over the squark mass eigenstates j=L,R(1,2) (no(with) mixing).
t˜j
g˜
t
t¯q¯
q g˜
q˜i
g˜q¯
q g˜
q˜i
t¯
t
t˜j
(a) (b)
Figure 28: (a) Diret box diagram and (b) rossed box diagram ontributing to qq → tt at NLO
SQCD, where we expliitly indiate our hoie for the fermion ow (see Ref. [66℄).
Finally, we provide the expliit expressions for the diret (Bt) and rossed box diagrams
(Bu) in qq annihilation. To determine the relative sign between the diret and rossed box
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diagrams (as well as between box and Born ontributions) we apply the rules of Ref. [66℄.
Fixing the referene order as tt¯q¯q and hoosing the fermion ow as indiated in Fig. 28
we only need to assign an additional minus sign to the diret box ontribution. Beause of
dierenes in previous alulations of the diret and rossed box diagrams in qq¯ annihilation,
we also provide the expliit expressions for the orresponding matrix elements, δMtbox and
δMubox, and of the Born matrix element Mqq¯B :
δMtbox= −
∫
d4k
X(p2)
vk(p3) Γ
a,i
1,kl i(−k/−p/3+mg˜) Γa,j2,on vn(p1)ur(p2) Γb,j1,ro i(p/4−k/+mg˜) Γb,i2,lm um(p4)
δMubox=
∫
d4k
X(p1)
vk(p3) Γ
a,i
1,kl i(−k/−p/3+mg˜)
(
Γa,j1,ro
)′
vr(p2)un(p1)
(
Γb,j2,on
)′
i(p/4−k/+mg˜)Γb,i2,lm um(p4)
Mqq¯B = ur(p2)(−igsT arnγµ)vn(p1)
(
−igµν
sˆ
δab
)
vk(p3)(−igsT bkmγν)um(p4) (B4)
with X(pi) = (2π)
4[k2−m2q˜i ][(p4−k)2−m2g˜ ][(p3+k)2−m2g˜][(pi+k−p4)2−m2t˜j ], sˆ = (p3+p4)2
and i, j = 1, 2(L,R) denoting squark indies, and a, b, k-r olor indies. The ouplings Γa,j(1,2),kl
are speied in Fig. 24 and the momenta of the external partiles are dened in Fig. 1. The
matrix element for the diret box diagram, δMtbox, of Eq. (B4) reeives an additional minus
sign beause of the permutation parity of the spinors with respet to the Born diagram of
Fig. 1 that has been hosen as the referene diagram.
Diret box
The Feynman diagram of the diret box is shown in Fig. 28(a). The orresponding spin-like
ontribution to the NLO SQCD matrix element squared of Eq. (4) reads (with z = cos θˆ)
Bt(sˆ, tˆ, λt = 1/2, λt¯ = 1/2) = Bt(sˆ, tˆ, λt = −1/2, λt¯ = −1/2) =
∑
i,j
mtsˆ
16
(1− z2)
×
{
A
q˜i t˜j
3 mt
[
2m2t (D0 + 2D2 +D22 + 2D13)− 2sˆβ2t (D1 +D12)− sˆ(1 + β2t )D11 − 4D00
]
+ A
t˜j
2 mg˜
[
4m2t (D0 +D2)− 2sˆβ2tD1
]
+ A
q˜i t˜j
1 2m
2
g˜mtD0
}
(B5)
with [Dl, Dlm] = [Dl, Dlm](m
2
t , 0, 0, m
2
t , tˆ, sˆ, m
2
t˜j
, m2g˜, m
2
q˜i
, m2g˜) dened in Ref. [60℄ and depend-
ing on the squark avors i and j. The spin-unlike parts of the diret box an be written as
follows
Bt(sˆ, tˆ, λt = 1/2, λt¯ = −1/2) = (Bat +Bbt )(sˆ, tˆ)
Bt(sˆ, tˆ, λt = −1/2, λt¯ = 1/2) = (Bat − Bbt )(sˆ, tˆ) (B6)
with
Bat (sˆ, tˆ) =
∑
i,j
sˆ2
16
{
A
q˜i t˜j
3
[
−m2tβt4zD1 +
1
2
m2t (1− 2βtz + z2)(2D2 +D0 +D22)
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− (1 + 2βtz + z2)(m2tD11 +D00)− 4m2tβtzD12 +
1
4
sˆ(1 + β2t )(1 + 2βtz + z
2)D13
]
+ A
t˜j
2 mg˜mt
[−βt4zD1 + (1− 2βtz + z2)(D2 +D0)]+ 1
2
A
q˜i t˜j
1 m
2
g˜(1− 2βtz + z2)D0
}
Bbt (sˆ, tˆ) =
∑
i,j
sˆ2
16
{
A
q˜i t˜j
4
[−2m2tβt(1 + z2)(D1 +D12)− (βt + 2z + βtz2)(m2tD11 +D00)
+
1
4
sˆ(1 + β2t )(βt + 2z + βtz
2)D13 − 1
2
m2t (βt − 2z + βtz2)(D0 + 2D2 +D22)
]
+ A
t˜j
2 A
q˜i
2 mg˜mt
[−2βt(1 + z2)D1 − (βt − 2z + βtz2)(D2 +D0)]
+
1
2
A
q˜i t˜j
5 m
2
g˜(βt − 2z + βtz2)D0
}
(B7)
The oeients Ak are dened by the mixing matries of the squarks ouring inside the
loop. In ase of a real mixing matrix these oeients an be expressed in terms of the
squark mixing angles θq˜ and θt˜ :
A
q˜i t˜j
1 = 2 ·

 cos
2 θq˜ sin
2 θt˜ + sin
2 θq˜ cos
2 θt˜ if i = j
cos2 θq˜ cos
2 θt˜ + sin
2 θq˜ sin
2 θt˜ if i 6= j
,
A
t˜j
2 = (−1)j sin 2θt˜ ,
Aq˜i2 = − (−1)i cos 2θq˜ ,
A
q˜i t˜j
3 = 2 ·

 cos
2 θq˜ cos
2 θt˜ + sin
2 θq˜ sin
2 θt˜ if i = j
cos2 θq˜ sin
2 θt˜ + sin
2 θq˜ cos
2 θt˜ if i 6= j
.
A
q˜i t˜j
4 = −
[
(−1)j cos 2θt˜ + (−1)i cos 2θq˜
]
A
q˜i t˜j
5 = −
[
(−1)j cos 2θt˜ − (−1)i cos 2θq˜
]
(B8)
Crossed box
The Feynman diagram of the rossed box is shown in Fig. 28(b). The orresponding spin-like
ontributions, Bu(sˆ, tˆ, λt = 1/2, λt¯ = 1/2) = Bu(sˆ, tˆ, λt = −1/2, λt¯ = −1/2), and spin-unlike
ontributions, Bu(sˆ, tˆ, λt = 1/2, λt¯ = −1/2) and Bu(sˆ, tˆ, λt = −1/2, λt¯ = 1/2), to the NLO
SQCD matrixelement squared of Eq. (4) an be obtained from the expressions for the diret
box of Eqs. (B5), (B6) by performing the following replaements:
z → − z
Aq˜i2 → −Aq˜i2
A
q˜i t˜j
1 ↔ Aq˜i t˜j3
A
q˜i t˜j
4 ↔ Aq˜i t˜j5 (B9)
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and the four point funtions Dl and Dlm are evaluated at [Dl, Dlm] =
[Dl, Dlm](m
2
t , 0, 0, m
2
t , uˆ, sˆ, m
2
t˜j
, m2g˜, m
2
q˜i
, m2g˜).
Appendix C: ANALYTIC EXPRESSIONS FOR THE NLO SQCD CORRECTIONS
TO gg → tt
The Feynman-diagrams of Figs. 5 and 6 represent the SQCD O(αs) ontributions to the
gluon fusion subproess onsisting of the following ontributions:
• the modiation of the gtt-vertex in the s- and t(u)-prodution hannels desribed
by the UV nite (after renormalization) form fators FV , FM , GA and ρ
V,(t,u)
i , σ
V,(t,u)
i ,
respetively,
• the modiation of the ggg vertex (ρV,s2 ) and the gluon self-energy (Πˆ) in the s pro-
dution hannel,
• the self-energy insertion to the o-shell top quark propagator in the t(u)-prodution
hannel (ρ
Σ,(t,u)
i , σ
Σ,(t,u)
i ),
• and the box diagrams of the t and u prodution hannels, (ρ,ti,(a,b,c), ρ,ggt˜t˜12 , σ,ti,(a,b,c)) and
(ρ,ui,(a,b), σ
,u
i,(a,b)), respetively.
The form fators for the gtt¯ vertex, FV , FM , GA, and the subtrated gluon self-energy, Πˆ, are
provided in Appendix B and Setion IIB, respetively. The ontribution of the renormalized
ggg vertex of Fig. 29 to the NLO SQCD matrix element of Eq. (5) reads as follows:
αs
4π
ρV,s2 (sˆ) =
αs
4π


∑
q=u,c,t
d,s,b
∑
j
[
1
6sˆ
(sˆ+ 8m2q˜j)B0(sˆ, m
2
q˜j
, m2q˜j)−
4m2q˜j
3sˆ
B0(0, m
2
q˜j
, m2q˜j)
+ m2q˜jC0(0, sˆ, 0, m
2
q˜j
, m2q˜j , m
2
q˜j
) +
5
18
]
− 6
[
1
3sˆ
(4m2g˜ − sˆ)B0(sˆ, m2g˜, m2g˜)
− 4m
2
g˜
3sˆ
B0(0, m
2
g˜, m
2
g˜) +m
2
g˜C0(0, sˆ, 0, m
2
g˜, m
2
g˜, m
2
g˜) +
5
18
]}
+ δZ1 (C1)
with δZ1 of Eq. (13) and the B0 and C0 funtions in the onvention of Ref. [60℄.
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gg
g
=
g
g
g
g˜
g˜
g˜
+
g
g
g
q˜j
q˜j
q˜j
+
g
g
g
q˜j
q˜j
q˜j
+
g
g
g
Figure 29: Renormalized gluon-gluon-gluon vertex orretion at NLO SQCD. Graphs ontaining
squarks are summed over the squark-mass eigenstates j=L,R(1,2) (no(with) mixing) and the quark
avors q={u,d,s,,b,t}.
1. Parity onserving oeients to the SMEs MV,ti
The t-hannel parity onserving oeients to the SMEs MV,ti read as follows:
Vertex orretions:
The vertex orretions onsist of the stop-stop-gluino, ρV,ti,ttg, the gluino-gluino-stop, ρi,ggt,
ontributions and the ounterterm, ρi,CT , as shown in Fig. 27:
ρV,ti = ρ
V,t
i,ttg + ρ
V,t
i,ggt + ρ
V,t
i,CT (C2)
with
ρV,t1,ttg = −
∑
j=1,2
1
3
λ+j C00
ρV,t4,ttg =
∑
j=1,2
1
6
λ+j (m
2
t − tˆ) (C2 + C22 + C12)
ρV,t11,ttg = −ρV,t1,ttg
ρV,t14,ttg =
∑
j=1,2
1
6
{
λ+j (C11 + C22 + 2C12 + C1 + C2)− λ−j
mg˜
mt
(C0 + C1 + C2)
}
ρV,t16,ttg = −4ρV,t14,ttg (C3)
with [Cl, Clm] = [Cl, Clm](m
2
t , 0, tˆ, m
2
g˜, m
2
t˜j
, m2
t˜j
) of Ref. [60℄, and
ρV,t1,ggt =
∑
j=1,2
3
2
{
λ+j
[
(m2t˜j −m2t −m2g˜)C0 + (tˆ−m2t )C2 − 2C00 +B0(0, m2g˜, m2g˜)
]
− 2λ−j mg˜mtC0
}
ρV,t4,ggt =
∑
j=1,2
3
2
λ+j (m
2
t − tˆ) [C2 + C22 + C12]
ρV,t11,ggt =
∑
j=1,2
3
2
{
λ+j
[
(tˆ−m2t˜j +m2g˜)C0 + (tˆ−m2t )C1 + 2C00 − B0(0, m2g˜, m2g˜)
]
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+ λ−j
mg˜
mt
(tˆ +m2t )C0
}
ρV,t14,ggt =
∑
j=1,2
3
2
{
λ+j (C11 + C22 + 2C12 + C1 + C2) + λ
−
j
mg˜
mt
(C1 + C2)
}
ρV,t16,ggt = −4ρV,t14,ggt (C4)
with [Cl, Clm] = [Cl, Clm](m
2
t , 0, tˆ, m
2
t˜j
, m2g˜, m
2
g˜) and the ounterterm
αs
4π
ρV,t1,CT = −
αs
4π
ρV,t11,CT = 2δZV (C5)
with δZV of Eq. (15). The parameters λ
±
j are given in Eq. (A2).
Top quark self-energy insertion:
The self-energy insertion in the o-shell top-quark propagator as shown in Fig. 5 with the
SQCD one-loop orretions shown in Fig. 8 is desribed by:
αs
4π
ρΣ,t1 = −(tˆ+m2t )(ΣV (tˆ) + δZV )− 2m2t (ΣS(tˆ)− δZV − ΣS(m2t )− ΣV (m2t ))
αs
4π
ρΣ,t11 = 2tˆ(ΣV (tˆ) + δZV )
+ (tˆ+m2t )(ΣS(tˆ)− δZV − ΣS(m2t )− ΣV (m2t )) , (C6)
where the SQCD one-loop ontribution to the vetor and salar parts of the top quark self-
energy, ΣV,S, and δZV are provided in Setion IIB.
Box ontribution:
The box diagrams of Fig. 6 an also be parametrized in terms of oeients to the SMEs
MV,ti as follows:
Box a: g˜ − g˜ − g˜ − t˜j
ρ,t1,a = +
∑
j=1,2
{
λ+j [C0 + (m
2
t˜j
−m2t −m2g˜)D0 + (m2g˜ −m2t )D2 − 6D00
− tˆ (2D22 +D222)− 2 (tˆ+m2t ) (D12 +D122)− 6D002 − 2m2tD112 + (sˆ− 2m2t )D123]
+ λ−j [−2mg˜mtD0]
}
ρ,t2,a = −
∑
j=1,2
2λ+j [D00 +D002]
ρ,t4,a = +
∑
j=1,2
2λ+j [(m
2
t −m2g˜) (D1 +D2) + 2D00 +m2t (2D11 + 2D13 +D111)
+ (tˆ +m2t )D22 + (tˆ+ 5m
2
t )D12 + 2(D001 + 2D002)
+ tˆ D222 + (tˆ + 3m
2
t )D112 + (3tˆ+ 2m
2
t )D122 + (3m
2
t − sˆ)D113 + (tˆ− sˆ+ 3m2t )D123]
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ρ,t6,a = +
∑
j=1,2
2λ+j [D22 + 2D12 +D222 + 2D112 + 4D122 + 2D123]
ρ,t11,a = −
∑
j=1,2
{
2λ+j [C0 + (m
2
t˜j
−m2g˜)D0 + (tˆ + 2m2t −m2g˜)D1
+ (tˆ+m2t ) (D11 +D13 +D112 +D123)
+ tˆ (D2 + 2D12 +D122)− 2D00 + 6D001 +m2t D111 − (sˆ− 3m2t )D113]
− λ−j
mg˜
mt
[(m2g˜ +m
2
t −m2t˜j )D0 − 2(tˆ+m2t )D1 − 2tˆ D2 − C0]
}
ρ,t12,a = +
∑
j=1,2
4
{
λ+j [D00 + 2D001 +D002] + λ
−
j
mg˜
mt
D00
}
ρ,t14,a = +
∑
j=1,2
2
{
λ+j [2D1 +D2 + 2D11 +D22 + 4D12 + 2D13]
+ λ−j
mg˜
mt
[2D1 +D2]
}
ρ,t16,a = −
∑
j=1,2
4
{
λ+j [4D1 + 2D2 + 3D22 + 12D12 + 2D111 +D222
+ 6 (D11 +D13 +D112 +D113 +D122 +D123)]
+ λ−j
mg˜
mt
[4D1 + 2D2 + 2D11 +D22 + 4D12 + 2D13]
}
(C7)
where the three- and four-point funtions are denoted by C0 ≡ C0(0, 0, sˆ, m2g˜, m2g˜, m2g˜) and
[Dl, Dlm, Dlmn] = [Dl, Dlm, Dlmn](m
2
t , 0, 0, m
2
t , tˆ, sˆ, m
2
t˜j
, m2g˜, m
2
g˜, m
2
g˜), respetively.
Box b: t˜j − t˜j − t˜j − g˜
ρ,t2,b = −
∑
j=1,2
2λ+j D002
ρ,t4,b = −
∑
j=1,2
4λ+j [D00 + 2D001 +D002]
ρ,t6,b = +
∑
j=1,2
2λ+j [D2 +D222 + 2(2D12 +D22 +D112 +D123 + 2D122)]
ρ,t12,b = −
∑
j=1,2
4
{
−λ+j [2D001 +D002] + λ−j
mg˜
mt
D00
}
ρ,t16,b = −
∑
j=1,2
4
{
λ+j [D2 +D222 + 2(D1 + 2D11 + 4D12 + 2D13 +D22 +D111
+ 3D112 + 3D123 + 3D113 + 3D122)]
− λ−j
mg˜
mt
[D0 +D22 + 2(2D1 +D2 +D11 + 2D12 +D13)]
}
, (C8)
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with the 4-point funtions [Dl,Dlm,Dlmn]=[Dl,Dlm,Dlmn](m
2
t , 0, 0, m
2
t , tˆ, sˆ, m
2
g˜, m
2
t˜j
, m2
t˜j
, m2
t˜j
).
Box : t˜j − t˜j − g˜ − g˜ and g˜ − g˜ − t˜j − t˜j
ρ,t1,c = −
∑
j=1,2
4λ+j D00
ρ,t2,c = −
∑
j=1,2
2λ+j [2D00 + 2D002 + 2D003]
ρ,t4,c = −
∑
j=1,2
2λ+j
[−2D00 + (m2g˜ −m2t )(D1 +D2)−m2t (2D11 + 3D12 +D22)
− tˆ(D12 +D22)− 2D001 − 2D002 −m2t (D111 + 2D112 − 2D123 −D113 +D122 −D223)
− sˆ(D123 +D113)− tˆ(D112 + 2D123 +D113 +D222 + 2D122 +D223)
]
ρ,t6,c = +
∑
j=1,2
4λ+j [D12 +D22 +D112 + 2D123 +D113 +D222 + 2D122 +D223]
ρ,t11,c = +
∑
j=1,2
4λ+j D00
ρ,t12,c = +
∑
j=1,2
4
{
λ+j [2D00 + 2D001 + 2D002] + λ
−
j
mg˜
mt
2D00
}
ρ,t14,c = +
∑
j=1,2
2
{
λ+j [D1 +D2 +D11 + 2D12 +D22] + λ
−
j
mg˜
mt
(D1 +D2)
}
ρ,t16,c = −
∑
j=1,2
8
{
λ+j [D1 +D2 + 2D11 + 4D12 + 2D22 +D111 + 3D112 +D222 + 3D122]
+ λ−j
mg˜
mt
[D1 +D2 +D11 + 2D12 +D22]
}
. (C9)
with [Dl,Dlm,Dlmn]=[Dl,Dlm,Dlmn](m
2
t , 0, m
2
t , 0, tˆ, uˆ, m
2
t˜j
, m2g˜, m
2
g˜, m
2
t˜j
).
Triangle-box: t˜j − t˜j − g˜
ρ,ggt˜t˜12 =
∑
j=1,2
{
λ+j (C1 + C2)− λ−j
mg˜
mt
C0
}
(m2t , sˆ, m
2
t , m
2
g˜, m
2
t˜j
, m2t˜j ) . (C10)
2. Parity violating oeients to the SMEs MA,ti
The t-hannel parity violating oeients to the SMEs MA,ti read as follows:
Vertex orretions:
σV,ti = σ
V,t
i,ttg + σ
V,t
i,ggt + σ
V,t
i,CT (C11)
with
σV,t1,ttg = −
∑
j=1,2
1
3
λAj C00
49
σV,t4,ttg = +
∑
j=1,2
1
6
λAj (m
2
t − tˆ) [C2 + C22 + C12]
σV,t14,ttg = −
∑
j=1,2
1
6
λAj [C11 − C22 + C1 − C2)] (C12)
with [Cl, Clm] = [Cl, Clm](m
2
t , 0, tˆ, m
2
g˜, m
2
t˜j
, m2
t˜j
) and
σV,t1,ggt = +
∑
j=1,2
3
2
λAj
[
(m2t˜j +m
2
t −m2g˜)C0 + 2m2tC1 + (tˆ +m2t )C2 − 2C00 +B0(0, m2g˜, m2g˜)
]
σV,t4,ggt = +
∑
j=1,2
3
2
λAj (m
2
t − tˆ) [C2 + C22 + C12]
σV,t14,ggt = −
∑
j=1,2
3
2
λAj [C11 − C22 + C1 − C2] (C13)
with [Cl, Clm] = [Cl, Clm](m
2
t , 0, tˆ, m
2
t˜j
, m2g˜, m
2
g˜) and the ounterterm
αs
4π
σV,t1,CT = − 2δZA , (C14)
where the renormalization onstant, δZA, is given in Eq. (15). The parameters λ
A
j are given
in Eq. (A2).
Top quark self-energy insertion:
αs
4π
σΣ,t1 = (tˆ−m2t )(ΣA(tˆ) + δZA) (C15)
with the axial vetor part of the top quark self-energy, ΣA, of Eq. (14).
Box ontribution:
Box a: g˜ − g˜ − g˜ − t˜j
σ,t1,a =
∑
j=1,2
λAj
[
C0 + (m
2
t˜j
+m2t −m2g˜)D0 + (m2g˜ +m2t )D2 − 6D00
− tˆ (2D22 +D222) + 4m2t D1 − 2(tˆ+m2t ) (D12 +D122)− 6D002 − 2m2tD112
+ (sˆ− 2m2t )D123
]
σ,t2,a = −2
∑
j=1,2
λAj [D00 +D002]
σ,t4,a =
∑
j=1,2
2λAj
[
2D00 +m
2
t (2(D11 +D13) +D111)
+ (m2t −m2g˜) (D1 +D2) + (tˆ+ 5m2t )D12 + 2D001 + 4D002 + tˆ D222 + (tˆ+ 3m2t )D112
+ (3tˆ+ 2m2t )D122 + (3m
2
t − sˆ)D113 + (tˆ− sˆ + 3m2t )D123 + (tˆ+m2t )D22
]
σ,t6,a =
∑
j=1,2
2λAj [D22 + 2D12 +D222 + 2D112 + 4D122 + 2D123]
σ,t14,a =
∑
j=1,2
2λAj [D2 + 2D12 +D22] (C16)
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with the three- and four-point funtions are denoted by C0 ≡ C0(0, 0, sˆ, m2g˜, m2g˜, m2g˜) and
[Dl, Dlm, Dlmn] = [Dl, Dlm, Dlmn](m
2
t , 0, 0, m
2
t , tˆ, sˆ, m
2
t˜j
, m2g˜, m
2
g˜, m
2
g˜), respetively.
Box b: t˜j − t˜j − t˜j − g˜
σ,t2,b = −
∑
j=1,2
2λAj D002
σ,t4,b = −
∑
j=1,2
4λAj [D00 + 2D001 +D002]
σ,t6,b =
∑
j=1,2
2λAj [D2 +D222 + 2(2D12 +D22 +D112 +D123 + 2D122)] (C17)
with the 4-point funtions [Dl,Dlm,Dlmn]=[Dl,Dlm,Dlmn](m
2
t , 0, 0, m
2
t , tˆ, sˆ, m
2
g˜, m
2
t˜j
, m2
t˜j
, m2
t˜j
).
Box : g˜ − g˜ − t˜j − t˜j and t˜j − t˜j − g˜ − g˜
σ,t1,c = −
∑
j=1,2
4λAj D00
σ,t2,c = −
∑
j=1,2
4λAj [D00 +D002 +D003]
σ,t4,c =
∑
j=1,2
2λAj [2D00 + 2D001 + 2D002 −m2g˜(D1 +D2)
+ m2t (D1 +D2 + 2D11 + 3D12 +D22 +D111 + 2D112 − 2D123 −D113 +D122 −D223)
+ tˆ(D12 +D22 +D112 + 2D123 +D113 +D222 + 2D122 +D223) + sˆ(D123 +D113)]
σ,t6,c =
∑
j=1,2
4λAj [D12 +D22 +D112 + 2D123 +D113 +D222 + 2D122 +D223]
σ,t14,c =
∑
j=1,2
2λAj [D1 +D2 +D11 + 2D12 + 2D13 +D22 + 2D23] (C18)
with [Dl,Dlm,Dlmn]=[Dl,Dlm,Dlmn](m
2
t , 0, m
2
t , 0, tˆ, uˆ, m
2
t˜j
, m2g˜, m
2
g˜, m
2
t˜j
).
Finally, the u-hannel ontributions ρ
(V,Σ),u
i , ρ
(),u
i,(a,b) and σ
(V,Σ),u
i , σ
(),u
i,(a,b) an be obtained
from the t-hannel form fators by replaing tˆ with uˆ.
3. The olor fators
The summation (average) over the olor degrees of freedom in the ourse of the derivation
of the parton ross setions leads to the following olor fators:
cs(1) =
∑
a,b,c;
j,l
(fabcT
c
jl) (fabdT
d
jl)
∗ = 3
∑
c,d
δcd Tr{T cT d} = 12
ct(1) =
∑
a,b,c;
j,l
(iT ajmT
b
ml) (fabcT
c
jl)
∗ = cs(2) = −6
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cu(1) =
∑
a,b,c;
j,l
(iT bjmT
a
ml) (fabcT
c
jl)
∗ = cs(3) = 6
ct(2) = −
∑
a,b,c;
j,l
(iT ajmT
b
ml) (−iT ajmT bml)∗ = cu(3) =
16
3
cu(2) = −
∑
a,b,c;
j,l
(iT bjmT
a
ml) (−iT ajmT bml)∗ = ct(3) = −
2
3
(C19)
and
cta(1) =
∑
a,b,c;
j,l
(
3
2
(−iT ajmT bml)−
1
4
(iδabδij)) (fabcT
c
jl)
∗ =
3
2
ct(1)
cta(2) =
3
2
ct(2)− 1
4
∑
a,b,c;
j,l
(iδabδij) (−iT ajmT bml)∗ =
3
2
ct(2) + 1
cta(3) =
3
2
ct(3)− 1
4
∑
a,b,c;
j,l
(iδabδij) (−iT bjmT aml)∗ =
3
2
ct(3) + 1
ctb(1) =
1
6
ct(1)
ctb(2) =
1
6
ct(2) +
1
4
∑
a,b,c;
j,l
(iδabδij) (−iT ajmT bml)∗ =
1
6
ct(2)− 1
ctb(3) =
1
6
ct(3) +
1
4
∑
a,b,c;
j,l
(iδabδij) (−iT bjmT aml)∗ =
1
6
ct(3)− 1
ctc(1) = 0
ctc(2) = c
t
c(3) = −
1
4
∑
a,b,c;
j,l
(iδabδij) (−iT ajmT bml)∗ = 1
cua(1) =
3
2
cu(1)
cua(2) =
3
2
cu(2)− 1
4
∑
a,b,c;
j,l
(iδabδij) (−iT ajmT bml)∗ =
3
2
cu(2) + 1
cua(3) =
3
2
cu(3)− 1
4
∑
a,b,c;
j,l
(iδabδij) (−iT bjmT aml)∗ =
3
2
cu(3) + 1
cub (1) =
1
6
cu(1)
cub (2) =
1
6
cu(2) +
1
4
∑
a,b,c;
j,l
(iδabδij) (−iT ajmT bml)∗ =
1
6
cu(2)− 1
cub (3) =
1
6
cu(3) +
1
4
∑
a,b,c;
j,l
(iδabδij) (−iT bjmT aml)∗ =
1
6
cu(3)− 1 . (C20)
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